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Part I 


Basic Science and Practical Issues 


The 18 F-FDG-Positron Emission 
Tomography/Computed 
Tomography Examination 


Andrea Skanjeti and Angelina Cistaro 


Although the 18 F-FDG-PET/CT scan is a recently 
introduced imaging technique, it has rapidly 
become well established, particularly in patients 
with malignant disease. A CT scan concomitantly 
performed with 18 F-FDG-PET has two purposes: 
to correct the attenuation associated with PET 
and to provide a map of 18 F-FDG uptake. Both 
the sensitivity and the specificity of the imaging 
study are increased by this “happy marriage”. 
18 F-fluorodeoxy glucose ( 18 F- FDG) is a radio- 
labeled structural analogue of 2-deoxyglucose 
and therefore serves as a tracer of glucose 
metabolism. Three mechanisms of transport are 
responsible for the uptake of glucose, and thus 
of 18 F-FDG, into mammalian cells: (1) passive 
diffusion, (2) active transport in kidney epithelial 
cells and in the intestinal tract by a Na+-dependent 
glucose transporter (GLUT), and (3) a facultative 
GLUT mediated mechanism involving GLUT-1- 
13 enzymes [1]. Once 18 F-FDG has entered the 
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cell, it is subsequently phosphorylated to FDG-6 
phosphate by the enzyme hexokinase. In contrast 
to glucose-6-phosphate, FDG-6 phosphate is not a 
substrate for enzymes of either the glycolytic path- 
way or the pentose-phosphate shunt. Most tumors 
express only low levels of glucose-6-phosphatase, 
capable of reversing the phosphorylation of 18 F- 
FDG. In the absence of this enzyme, FDG-6 phos- 
phate is trapped in the cell because it cannot be 
metabolized nor can it diffuse back into the extra- 
cellular space. In organs and cells with high con- 
centrations of glucose-6-phosphatase, such as the 
liver, and in leukocytes, FDG-6 phosphate uptake 
decreases after a rapid initial accumulation. 

Following its intravenous administration, 18F- 
FDG is preferably taken up in tissues with high 
glucose consumption. The tracer is filtered in the 
kidney glomeruli, with only a small amount reab- 
sorbed by renal tubular cells. Rapid clearance 
of 18 F-FDG from the intravascular compartment 
results in a high target-to-background ratio within 
a short time (Fig. 1.1). High concentrations of 
18 F-FDG accumulate in the brain, especially in 
the cortex and basal ganglia, whereas cardiac 
uptake is minimal and typically patchy. The 
accumulation of 18 F-FDG activity in urine inter- 
feres with the visualization of pelvic and, poten- 
tially, abdominal abnormalities. Circumscribed 
or diffuse gastrointestinal uptake may result from 
smooth muscle peristalsis. Uptake of 18 F-FDG in 
the reticuloendothelial system, especially in the 
bone marrow, varies [2] . Glucose is also strongly 
taken up by inflammatory cells, especially in 
response to inflammatory stimuli [3]. 
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Fig. 1 .1 Coronal CT (a), PET (b), and PET/CT fusion (c) 
images and (d) maximal intensity projection (MIP) show 
the physiological biodistribution of 18 F-FDG (Discovery 
ST-E PET/CT system, General Electric Healthcare, 
Milwaukee, WI. Images collected 60 min after intravenous 


injection of 18 F-FDG. At the time of the tracer injection, 
the patient had fasted for over 6 h, and his glucose blood 
level was 94 mg/dl. The data was acquired in 3D mode, 
with attenuation correction calculated by coregistered 
CT images) 


In 1930, O. Warburg described what came 
to be known as the “Warburg effect”, in which 
glucose uptake is enhanced in malignant cells 
due to their overexpression of glucose transport- 
ers and hexokinases [4] . Moreover, the tumoral 
stroma, made up of fibroblasts, glial cells, lym- 
phocytes, macrophages, and dendritic cells, also 
accumulates glucose [5]. These observations 
underlie the use of the 18 F-FDG-PET/CT exam 
for the staging and restaging of a wide range 
of adult neoplasms, such as lymphoma, head 
and neck carcinoma, colon cancer, and lung 
cancer. However, this imaging modality is also 
able to localize other pathologies, among them, 
abdominal or pelvic abscesses and bone, joint, 
and soft tissue infections, including infected 
joint prostheses, as well as vasculitis, and tuber- 
culosis. While most of these conditions are not 
common in the pediatric population, others, 
such as sarcomas, blastomas, lymphomas, post- 
transplantation lymphoproliferative diseases, 
cerebral tumors, spondylodiscitis, and aspergillosis, 


have been studied in children by mean of 
18 F-FDG-PET/CT. 
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Method and Patient Preparation 



Andrea Skanjeti and Angelina Cistaro 


Bilateral communication between the nuclear 
medicine physician and the child and his/her par- 
ents is essential to achieve good patient compli- 
ance as well as an accurate 18 F-FDG-PET/CT 
report. A detailed history, similar to that obtained 
from adult patients and including symptoms and 
complaints as well as a list of medications, is 
carefully acquired from the child and family. 
Additional clinical information, contained in the 
patient’s medical record, includes the type of sus- 
pected or known primary tumor, the dates and 
results of previous imaging studies and therapies 
(surgery, chemotherapy, radiotherapy), the detec- 
tion of morphological and/or functional abnor- 
malities involving other organs, and potential 
drug interferences [1]. Instead of a conventional 
brain or total body scan (Fig. 2.1), in some cases, 
a more specific protocol will improve the study 
of a tumor confined to a single area of the body, 
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for example, the oral cavity (Fig. 2.2) [2], or it 
may help to alleviate pain or discomfort, e.g., 
related to the presence of catheters or surgical 
instruments. 

Since the patient must be in a fasting state 
beginning 4-6 h before the exam and for approxi- 
mately 2 h during the exam and thereafter, the 
PET study should be scheduled early in the morn- 
ing, shortly before breakfast, since, especially in 
children, a hungry patient is less likely to be com- 
pliant with the demands of the imaging study. 
A serum glucose level of 170 mg/dL in adults and 
140 mg/dL in the pediatric patient is generally 
acceptable. 

In case of hyperglycemia, PET has a lower 
sensitivity in revealing disease because 18 F-FDG 
competes with circulating glucose (Fig. 2.3) [1]. 
Thus, in children, once the typical diseases have 
been ruled out, if neoplasms involving the mus- 
cles (sarcomas) or other organs (e.g., hepatoblas- 
toma) are suspected, an 18 F-FDG-PET/CT study 
is warranted but with aggressive control of serum 
glucose levels in order to optimize the accuracy 
of the study. In diabetic patients, this can be 
achieved with fast-acting insulin. If a good gly- 
cemic level proves to be challenging, we recom- 
mend the protocol used in our center: 250 mL of 
saline solution (NaCl 0.9 %) containing 100 IU 
fast-acting insulin/L is infused at a maximum rate 
of 50 mL/h until the serum glucose is reduced 
to a correct level. Thirty minutes later, the radio- 
tracer is injected. For nursing infants, the injec- 
tion should be administered before the next milk 
feed [3] which should be 20-30 min later. 
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Fig. 2.1 Position of the patient during a brain study (a, b) and total body acquisition (c, d) (Discovery ST-E PET/CT 
system, General Electric Healthcare, Milwaukee, WI) 
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Fig. 2.2 (a) Open-mouth acquisition (Discovery ST-E 
PET/CT system, General Electric Healthcare, Milwaukee, 
WI). A 19-year-old male treated 10 years earlier for 
osteosarcoma of the tibia and now diagnosed with squa- 
mous carcinoma of the left border of the tongue, (b, c) 
Axial and sagittal projections of a conventional closed- 


mouth acquisition show pathological uptake in the left 
anterior mouth. Involvement of the mandibular bone or 
floor of the mouth is difficult to evaluate, (d, e) Axial and 
sagittal projections obtained in an open-mouth acquisition 
clearly show that the tumor is confined to the tongue 


Both the child and his/her parents should 
be fully informed of the details of the imaging 
study, including the potential role of 18 F-FDG- 
PET/CT in disease management and the absolute 
and relative (vs. a common exam such as X-ray 
or CT scan) radiation doses. Given the complex- 
ity of the procedure for the patient and family, it 
is important to ensure that they fully understand 
the procedure as this will greatly facilitate com- 
pliance. Similarly, it is essential to establish a 
good relationship with the child before and after 
tracer injection. This relationship should be tai- 
lored to the child’s developmental stage. A child 
who cries during the uptake phase will activate 
the diaphragm and intercostal muscles; continu- 
ous movement of the facial muscles, such as by 


chewing, during the uptake phase will activate 
the salivary glands and buccal cavity muscles 
(Fig. 2.4); in a child distracted by video games, 
the extraocular muscles and those of the upper 
limbs will be activated (Fig. 2.5). Also, the acti- 
vation of brown adipose tissue, as will occur in a 
child who waits in a cold room during the uptake 
phase, must be avoided (Figs. 2.6 and 2.7). 
Brown adipose tissue is mostly present in the 
laterocervical regions of the neck, paravertebral 
thoracic regions, mediastinum, and epiphrenic 
area as well as around the kidneys and adrenal 
glands. Its activation can be mistakenly attributed 
to disease, leading to upstaging during the cancer 
staging phase and underestimation of the efficacy 
of therapy during treatment evaluation. 
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Fig. 2.3 A 17-year-old male treated for Ewing’s sarcoma. 
The patient did not comply with the fasting requirement. 
Coronal CT (a), PET (b), and PET/CT (c) fusion images 


accordingly show diffuse 18 F-FDG uptake by the skeletal 
muscles 



It is therefore crucial that during the uptake 
phase, the child minimizes his or her move- 
ments. This is best achieved by having a techni- 
cian or parent distract and reassure the child, who 
should be seated in a comfortable chair inside a 
warm, quiet room. Anesthesia, sedation, and the 


use of benzodiazepines have been described in 
noncompliant children but this requires the rel- 
evant medications, equipment, and personnel 
to manage potential pediatric emergency situa- 
tions. Recently, hypnosis has been shown to be 
effective in calming young patients. 
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Fig. 2.4 Axial CT and PET/CT fusion images show uptake by the masseter (a), by the lateral pterygoid muscles (b), 
and (c) by the orbicular muscles of the mouth 



Fig. 2.5 Axial CT (a), PET (b), and PET/CT fusion arrow in b). The patient had played a video game during 

(c) images showing uptake by the extraocular muscles, the waiting time after the FDG injection 

especially the medial and lateral rectus muscles ( red 
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Fig. 2.6 Maximal intensity projection bilaterally showing 
laterocervical, supraclavicular, and axillary 18 F-FDG 
uptake (a). Coronal CT (b), PET (c), and PET/CT fusion 


(d) images show brown fat uptake in the laterocervical 
and supraclavicular regions 
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Fig. 2.7 The same patient as in Fig. 2.6. Sagittal CT (a), 
PET (b), and PET/CT fusion (c) images show brown fat 
uptake in the paravertebral regions. The axial CT (d), PET 


(e), and PET/CT fusion (f) images show focal FDG uptake 
in the anterior left ( red arrow in e) and posterior right 
(■ violet arrow in e) epiphrenic region 
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F-FDG Administration 
and Dosimetry 


3 


Andrea Skanjeti and Angelina Cistaro 


The dose to be administered to a child is depen- 
dent on his/her weight. While several institutions 
have their own dose recommendation [1], in our 
practice, we commonly use the dose suggested 
by the pediatric and dosimetry committees of the 
EANM [2], performing a 3D scan according to 
the same guidelines. Since the dosage must be 
adjusted to the time needed to acquire the scan, in 
some cases, a low dose of tracer can be compen- 
sated by increasing the acquisition time (taking 
into account the child’s compliance). The pre- 
and postinjection levels of the tracer should be 
noted as well as the injection time as this will 
ensure accurate dosimetry in addition to allowing 
the synchronization of the dose calibrator and the 
PET scanner. Since intravenous access can be a 
serious problem in very young pediatric patients, 
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nor do parents tolerate multiple access attempts 
[3], the most experienced staff should administer 
the injections. A better option is to establish a 
peripheral intravenous line before radiotracer 
injection as this will also avoid dose extravasa- 
tion. Alternatively, a central venous line may be 
advantageous, in which case we advise abundant 
flushing with saline solution to avoid significant 
residual activity. In fact, the line should be thor- 
oughly rinsed with saline before tracer injection 
and the tracer should be “pushed” with saline 
after the injection to avoid artifacts arising from a 
bolus of tracer in the line wall (Figs. 3.1 and 3.2). 
In addition, the line should be heparinized. 

Pediatric radiation dosimetry recommenda- 
tions are contained in the ICRP guidelines, 
which identified the bladder wall as the critical 
organ for the effective dose received (range: 
25.6-50.5 mGy varying on the basis of the body 
weight with a maximum administered FDG 
activity of 370 MBq for large-size children 
weighting >70 kg). In 18 F-FDG-PET/CT, due to 
the high energy of photons emitted after tracer 
disintegration, radiation exposure to individuals 
accompanying the child must be considered. 
A good compromise is, for example, the pres- 
ence of only one parent and not the child’s sib- 
lings during the uptake phase. The acquisition 
parameters of the CT scan should be tailored to 
the patient’s size. Those used in our center are 
60-80 mA, 80-140 kV, and a helical pitch of 
3.75:1. A 30-50 % reduction in exposure of the 
child patient relative to that of an adult will not 
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cause an important loss of information. After 
the scan is completed, a fast review of the exam 
is recommended before the child leaves the 


scanning bed in order to avoid movements 
during the acquisition that can provoke the 
necessity to repeat it. 



Fig. 3.1 (a) Maximal intensity projection showing focal uptake at the summit of the central venous line (b) and 

18 F-FDG uptake in the mediastinum and right lung, (b, c) tracer stasis in the catheter reservoir (c) 

Axial CT and PET/CT fusion images show mediastinal 



3 18 F-FDG Administration and Dosimetry 


15 



ift.ua 


CT Transaxials 

A 


xi 53 


ii 





•10 U2 


Fused Traiisaxial^ 



CT Tnntixuli 





1 ( 9,72 


Fused Transaxials 


Fig. 3.2 (a) Axial CT and PET/CT fusion images show the axillary venous line ( white arrow ) and (b) focal mediastinal 
uptake at the terminus of the central venous line due to tracer stasis 
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18 F-FDG is normally accumulated in very high 
concentrations in the cerebral cortex, basal gan- 
glia, and, in some cases, in cardiac muscle. Due 
to its renal excretion, 18 F-FDG also accumulates 
in the entire urinary system, from the renal paren- 
chyma to the bladder. The liver is highly involved 
in glucose metabolism, but as hepatic cells 
reversibly dephosphorylate 18 F-FDG by the 
action of phosphatases, the initial uptake of 18F- 
FDG in the liver is followed by a significant 
washout [1]. Moderate uptake of 18 F-FDG occurs 
also in breast, particularly in dense tissues. In 
women, there is increased uptake by the ovaries 
during the ovulatory or secretory phases of the 
menstrual cycle (Fig. 4.1), while in men, accu- 
mulation may be seen in the testes [2] . 

In young patients, the thymus is frequently 
seen on PET as an inverted- V-shaped structure 
(Fig. 4.2), or as a unilateral structure with right or 
left extensions (Fig. 4.3), with homogeneous or 
patchy tracer uptake (Fig. 4.4). In children and in 
young adults who have undergone chemotherapy, 
the thymus is an important site of 18 F-FDG uptake 
as this organ uptake may persist for as long as 2 
years after the end of therapy. Jerushalmi and 
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coworkers studied a population of 160 patients 
(age 3-40 years) and found that 28 % exhibited 
thymic 18 F-FDG uptake. Within this subgroup, 
80 % were younger than 10 years, 17 % showed 
uptake only at the baseline study, 6 % during 
treatment, 8 % at the end of treatment, and 
27-40 % during follow-up [3]. It is also impor- 
tant to be aware of normal anatomic variants and 
variants in FDG uptake patterns. For example, 
there is a normal variant in which the thymus 
extends superiorly to the left brachiocephalic 
vein and anteriorly to the brachiocephalic artery 
or left common carotid artery (Fig. 4.5). This 
superior extension of the thymus should not be 
mistaken for a mediastinal mass or lymphade- 
nopathy [4]. 

In addition to the thymus, significant uptake is 
frequently seen in the bone marrow and spleen, 
probably due to normal growth. After chemo- 
therapy or granulocyte colony- stimulating factor 
therapy, this activation is significantly increased 
such that homogeneity is an important crite- 
rion for the diagnosis of non-tumoral disease 
(Fig. 4.6) [5]. 

In children, it is possible to observe the 
metaphysis in long bones such as the femur or 
tibiae, because during growth, the interface 
between the epiphysis and diaphysis is 18 F-FDG 
avid (Fig. 4.7). 

The palatine and nasopharyngeal tonsils and 
Waldeyer’s ring are lymphoepithelial tissues 
located near the oropharynx and nasopharynx 
(Figs. 4.8 and 4.9). These immunocompetent tis- 
sues are the immune system’s first line of defense 
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Fig. 4.1 Coronal CT (a), PET (b), and PET/CT fusion (c) images show focal 18 F-FDG uptake in the left pelvis, corre- 
sponding to the ovarian follicle 


against ingested or inhaled foreign pathogens. 
In children, the PET study frequently shows 
enhanced and symmetric uptake, which helps 
to distinguish neoplasms from inflammatory 
pathologies. 

18 F-FDG-PET/CT imaging of the pediat- 
ric intestine does not follow the same rules as 
in adults. In the latter, there may be modest to 
intense uptake in the intestine whereas this is 
generally not the case in the healthy intestine of 
children. Therefore, intestinal uptake in young 
patients, especially in those who have under- 
gone stem cell or organ transplantation, warrants 
attention as it may indicate posttransplantation 
lymphoproliferative disease (PTFD) (Fig. 4.10). 


However, benign causes of inflammation in 
young patients, such as appendicitis, must be 
ruled out (Figs. 4.11 and 4.12). 

The acne vulgaris is another benign condition 
in young patients that is better to keep in mind, 
particularly during the staging of cutaneous 
malignant diseases. Acne is a common skin dis- 
ease that affects an estimated 80 % of teens and 
young adults during their lives. It is characterized 
by noninflammatory open or closed comedones 
and by inflammatory papules, pustules, and nod- 
ules. Acne typically affects the areas of skin with 
the densest population of sebaceous follicles 
including the face, the upper part of the chest, 
and the back (Fig 4.13). 
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Fig. 4.2 A 14-year-old girl administered chemotherapy 
for osteoblastic osteosarcoma of the right femur. Coronal 
CT (a), PET (b), and PET/CT fusion (c) images show soft 
tissue 18 F-FDG uptake by the inverted- V-shaped thymus 


in the anterior mediastinum, (d) Axial CT and PET/CT 
fusion images show the thickened thymus in the anterior 
mediastinum, in front of the aortic arch 



Fig. 4.3 A 5-year-old boy 4 months after the end of che- 18 F-FDG uptake by the thymus, which has a unilateral 
motherapy for non-Hodgkin’s lymphoma. Coronal CT right extension 
(a), PET (b), and PET/CT fusion (c) images show intense 
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Fig. 4.4 A 6-year-old boy with autoimmune lymphoproliferative syndrome (ALPS). Coronal CT (a), PET (b), and 
PET/CT fusion (c) images show patchy 18 F-FDG by the inverted- V-shaped thymus 
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Fig. 4.5 A 4-year-old boy treated for acute lymphoblastic 
leukemia (ALL). Sagittal CT (a), PET (b), and PET/CT 
fusion (c) images show an extension of the thymus to the 
superior mediastinum ( red arrow in b). Coronal PET/CT 


fusion image (d) and axial CT and PET/CT fusion images 
(e) show the extension of the thymus superiorly to the left 
brachiocephalic vein and anteriorly to the left common 
carotid artery 
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Fig. 4.6 Coronal CT (a), PET (b), and PET/CT fusion (c) images in a patient undergoing chemotherapy for Hodgkin’s 
lymphoma. Note the intense accumulation of 18 F-FDG in the sternum and in the spine 



Fig. 4.7 A 6-year-old girl who underwent surgery for adrenal gland carcinoma. Axial CT (a) and PET/CT fusion (b) 
images show physiologically symmetric 18 F-FDG uptake by the epiphyseal growth cartilage of the humerus 
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Fig. 4.8 Axial CT (a) and PET/CT fusion (b) images show 18 F-FDG nasopharyngeal uptake, also evident in the sagittal 
PET/CT fusion image (c) 



Fig. 4.9 Axial CT (a) and PET/CT fusion (b) images show 18 F-FDG uptake by the symmetrical palatine tonsils 
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Fig. 4.10 A 1 -year-old boy underwent liver transplanta- 
tion for congenital biliary atresia, the most common lethal 
liver disease in children, for whom surgery offers the only 
chance of cure. The patient was treated with tacrolimus, 
an immunosuppressive drug that is mainly used after allo- 
geneic organ transplantation to reduce the risk of organ 


rejection. However, the patient subsequently developed 
Epstein-Barr virus (EBV)-associated PTLD, correlated 
with large bowel involvement, (a) The maximal intensity 
projection and (b) axial CT and PET/CT fusion images 
show pathological 18 F-FDG uptake in the transverse colon 
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Fig. 4.11 A 13-year-old boy received chemotherapy and 
radiotherapy for primitive neuroectodermal tumor 
(PNET) of the chest, (a) Maximal intensity projection 
shows nonhomogeneous and mild FDG uptake of the 


large right bowel ( black arrow), (b, c) Axial CT and PET/ 
CT fusion images show FDG accumulation at the level of 
the terminal ileum (b) and pericolic lymph node (c) due to 
an inflammation process 
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Fig. 4.12 (a, b) The same patient as in Fig. 4.11 underwent antibiotic treatment before the last PET/CT study, which 
showed the disappearance of abdominal FDG uptake 



Fig. 4.13 A 13 -year-old boy who underwent chemother- slight cutaneous FDG uptake in the left back ( red arrow in 
apy for large cell non-Hodgkin’s lymphoma. Axial CT (a, b) and homolaterally in the arm ( red arrow in e). The 
d), PET (b, e), and PET/CT fusion (c, f) images show clinical examination revealed inflammatory acne 
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Fig. 4.1 4 Axial CT (a), PET (b), and PET/CT fusion (c) images show slight FDG uptake in a patient with right maxil- 
lary sinusitis 


The same reasoning is valid for sinusitis, a 
common condition caused by acute or chronic 
inflammation of the paranasal sinuses. Maxillary 
sinusitis is the most common type of sinusitis. 
The ethmoid, frontal, and sphenoid sinuses are 
less frequently affected (Fig 4.14). 
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5.1 Introduction 

Lymphomas are among the most common malig- 
nancies in childhood (0-14 years of age) and the 
third most frequent pediatric cancer after leuke- 
mia and brain tumors [1]. In adolescence (15-19 
years of age), lymphoma is the most prevalent 
malignancy, accounting for >25 % of newly diag- 
nosed cancers [2] . 

The focus of this chapter is Hodgkin’s lym- 
phoma (HL) and non-Hodgkin’s lymphoma 
(NHL), which are two separate entities with dif- 
ferent pathological and clinical characteristics. In 
addition, there are several differences between 
young and adult HL and NHL in terms of histo- 
logical subtype, patterns of presentation, treat- 
ment, and outcome, and they should be kept in 
mind by the nuclear medicine specialist evaluat- 
ing the pediatric PET/CT exam. 
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5.2 Hodgkin's Lymphoma 
5.2.1 Background 

Hodgkin’s lymphomas comprise two disease enti- 
ties, nodular lymphocyte predominant Hodgkin’s 
lymphoma (NLPHL) and classical Hodgkin’s 
lymphoma (cHL), which differ in their clinical 
features, behavior, morphology, immunophe- 
notype, and cellular background. Classical HL 
accounts for nearly 45 % of all lymphomas in 
children and typically presents in one of two dis- 
tinct geographical incidence patterns. In Asia and 
tropical regions, up to 100 % of cHL cases are 
Epstein-Barr virus (EBV)-positive, whereas in 
western countries, only 30-50 % of the cHL are 
EBV associated. Moreover, in developing coun- 
tries, the peak incidence of cHL is in children 
3-14 years of age, in contrast to the peak occur- 
rence in adolescents in western countries, with a 
sharp increase after 10 years of age. Diagnosis of 
HL requires the presence of the hallmark “Reed- 
Sternberg” (RS) cells, although they make up 
only 0.1-2 % of the total cellular population. 
RS cells are characterized by multiple polymor- 
phic nuclei with prominent acidophilic nucleoli 
(Fig. 5.1a). They nearly always express CD30 
and usually CD 15 while a minority also express 
the B -cell-associated antigens CD20 and CD79a. 
Based on the characteristics of the surrounding 
inflammatory infiltrate, four subtypes of cHL are 
distinguished: nodular sclerosis, mixed cellular- 
ity, lymphocyte rich, and lymphocyte depleted. 
Classical HL most often involves lymph nodes of 
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Fig. 5.1 (a) Hodgkin’s lymphoma, mixed cellularity sub- 
type. The hallmark “Reed-Sternberg” cells are scattered 
and surrounded by an inflammatory infiltrate composed 
of histiocytes and mature lymphocytes (H&E x400). 
(b) Burkitt’s lymphoma. A proliferation of intermediate- 
sized neoplastic cells is associated with scattered macro- 
phages containing cellular debris, resulting in the typical 

the cervical region; primary extranodal involve- 
ment is rare. 

NLPHL represents less than 5 % of all HLs 
and has a peak incidence around the age of 40. It 
is a monoclonal B-cell neoplasm, mainly charac- 
terized by a nodular infiltrate consisting of B 
lymphocytes, histiocytes, and intermingled lym- 
phocyte predominant (LP) variants of RS cells, 
also termed “popcorn” cells. LP cells are positive 
for the B-cell markers CD20 and CD79a and con- 
sistently lack CD 15 and CD30. The natural his- 
tory of the disease is relatively indolent, with 
most patients cured with local radiotherapy or 
surgery alone. 


“starry sky” appearance (H&E x400). (c) Lymphoblastic 
lymphoma. There is diffuse tissue involvement by small, 
round, blue, monomorphic tumor cells with dense chro- 
matin and scant cytoplasm (H&E x400). (d) Anaplastic 
large B-cell lymphoma. The neoplastic cells have bizarre, 
lobulated, or wreath-like nuclei and abundant cytoplasm 
(H&E x400) 

5.2.2 Staging System 

and Treatment Strategies 

HL prognostic score relies on the Ann Arbor stag- 
ing system [3], modified during the Cotswolds 
meeting [4] (Table 5.1). Radiotherapy alone was 
the standard treatment for HL until the 1960s, 
when the first chemotherapeutic regimen, MOPP 
(mechlorethamine, vincristine, procarbazine, and 
prednisone), was introduced. Concerns about 
late toxicides prompted reductions in both the 
dose delivered by radiotherapy and the number 
and intensity of chemotherapy cycles [5]. To 
minimize the use of alkylating agents, in order 
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Table 5.1 Ann Arbor staging system, with Cotswolds 
modifications [3, 4] 

Stage I 

Involvement of a single lymph node region or lymphoid 
structure such as spleen, thymus, or Waldeyer’s ring 

Stage II 

Involvement of two or more lymph node regions or 
lymphoid structures on the same side of the diaphragm. 
The number of anatomic regions involved should be 
indicated by a subscript (e.g., II 3 ) 

Stage III 

Involvement of two or more lymph node regions or 
lymphoid structures on both sides of the diaphragm. 

This may be subdivided into stage III1 or stage III2, 
stage Dll for patients with spleen or splenic, hilar, 
celiac, or portal node involvement and stage III2 
for those with para-aortic, iliac, or mesenteric 
node involvement 

Stage IV 

Extensive extranodal disease, beyond the definition of 
bulky and extranodal disease [4] 

to avoid male infertility and secondary leukemia, 
the ABVD protocol was introduced, consisting 
of six cycles of doxorubicin, bleomycin, vin- 
blastine, and dacarbazine [6]. Today, ABVD is 
given to most patients with or without additional 
radiotherapy. Higher-risk patients are treated 
with more intensive chemotherapies, such as 
BEACOPP (bleomycin, etoposide, doxorubicin, 
cyclophosphamide, vincristine, procarbazine, 
and prednisone). 

Five-year overall survival (OS) is >95 in low- 
risk patients and about 85 % in those at high risk 
[7]. However, according to some studies, the out- 
comes are less encouraging, with the 20-year OS 
as low as 68 %. Event- free survival (EFS) rates 
are even lower. Younger age at onset seems to be 
associated with better survival [8]. 


5.3 Non-Hodgkin's Lymphoma 
5.3.1 Background 

NHL accounts for 55 % of childhood lymphomas. 
The incidence increases dramatically in children 
between 1 and 3 years of age (from about two 
cases/million to nine cases/million) and reaches 
a plateau thereafter, such that in adolescence, 


NHLs represent about one-third of all diagnosed 
lymphomas. 

The majority of pediatric NHL cases fall into 
one of four categories: Burkitt’s lymphoma (BL), 
lymphoblastic lymphoma (LBL), anaplastic large 
cell lymphoma (ALCL), and diffuse large B-cell 
lymphoma (DLBCL). Indolent lymphomas com- 
posed of small lymphocytes (e.g., small lympho- 
cytic lymphoma, marginal zone lymphoma, 
mantle cell lymphoma, follicle center cell lym- 
phoma) are extremely rare in children and should 
be diagnosed with caution. 

5.3.2 Staging System 

and Treatment Strategies 

The Ann Arbor staging system does not apply to 
pediatric NHLs. Indeed, unlike HLs, NHLs spread 
non-contiguously, with a high frequency of extra- 
nodal disease. This pattern prompted researchers 
to develop a different staging approach, resulting 
in the St Jude/Murphy’s system [9, 10], in which 
mediastinal and abdominal localizations are dis- 
tinct from tumors arising in the remainder of the 
body and differ in their prognostic significance. 
Moreover, the classification also considers the 
extent of surgical excision of abdominal masses 
(Table 5.2). 

Classically, the treatment modality was cho- 
sen based on the histological subtype, with treat- 
ment intensity modulated according to disease 
stage and other parameters [11]. 

At least two major treatment strategies are 
identifiable for treatment of different NHL sub- 
types: the first strategy was initially developed 
for leukaemia and is based on the continu- 
ous exposure to cytostatics over a long period 
of time. It is represented by ten drugs LSA 2 -L 2 
(cyclophosfamide, vincristine, methotrexate, 
daunorubicin, prednisone, cytarabine, thiogua- 
nine, asparaginase, carmustine, hydroxyurea) or 
LSA 2 -L 2 -type protocols. The second strategy 
consists of shortly repeated, dose-intense combi- 
nations of cytotoxic drugs and is represented by 
the COMP (cyclophosfamide, vincristine, meth- 
otrexate, prednisone) or COMP-like regimens. 
The former has proved to be mostly effective 
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Table 5.2 St Jude/Murphy’s pediatric NHL staging 
system [8, 9] 

Stage I 

A single tumor (extranodal) or single anatomic area 
(nodal), with the exclusion of the mediastinum and 
abdomen 

Stage II 

A single tumor (extranodal) with regional lymph node 
involvement 

Two or more nodal areas on the same side of the 
diaphragm 

Two single (extranodal) tumors with or without 
regional lymph node involvement on the same side of 
the diaphragm 

A resectable primary tumor of the gastrointestinal 
tract, usually in the ileocecal area, with or without 
involvement of associated mesenteric nodes only 

Stage III 

Two single tumors (extranodal) on opposite sides of 
the diaphragm 

Two or more nodal areas above and below the 
diaphragm 

All primary intrathoracic tumors (mediastinal, pleural, 
thymic) 

All extensive primary unresectable intra-abdominal 
disease 

All paraspinal or epidural tumors, regardless of other 
tumor sites 

Stage IV 

Any of the above with initial involvement of the 
central nervous system, bone marrow, or both 

for treatment of precursor NHL (T- and B-LBL), 
the latter shows the best results in treatment of 
mature B-NHL (BL, DLCBL) [12]. A summary 
of treatment modalities for each NHL subtype is 
provided in specific paragraphs. 

5.3.3 Burkitt's Lymphoma 

As the most common NHL subtype in children, 
BL accounts for up to 40 % of all cases. Three 
epidemiological variants have been described: 
endemic, sporadic, and immunodeficiency 
related [13, 14]. Endemic BL is most commonly 
seen in male children in equatorial Africa and 
New Guinea and is strongly associated with EB V 
infection, which probably leads to the genetic 
hallmark of endemic BL, the t(8;14)(q24;q32) 
translocation. This alteration, present in 70-80 % 


of cases, causes constitutive expression of the 
MYC oncogene in immunoglobulin-codifying 
DNA [15]. Sporadic BL is less commonly 
related to EBV infection and affects both chil- 
dren and adults, with a bimodal age distribution. 
Immunodeficiency-related BL occurs in the set- 
ting of congenital immunodeficiency, HIV infec- 
tion, and posttransplantation. 

The typical presentation of endemic BL is jaw 
and periorbital swelling, due to the unexplained 
predilection of EBV for the sockets around the 
deciduous teeth of young children. The abdomen, 
and particularly the small bowel, is the most 
common site of presentation in sporadic and 
immunodeficiency-associated BL, with symp- 
toms related to obstruction or perforation. Bone 
marrow infiltration is more common in sporadic 
BL (~20 % of all cases) than in endemic BL. 

Histologically, BL is diagnosed based on 
the detection of a monomorphic proliferation 
of intermediate- sized cells with a proliferative 
index >95 %. Evenly distributed macrophages 
containing cellular debris result in a mottled 
“starry sky” appearance at low magnification 
(Lig. 5.1b). The immunophenotype is that of a 
mature surface Ig+ B cell, and both CD20 and 
CD79a antigens are expressed. The cells are also 
CD 10-positive while terminal deoxynucleotidyl 
transferase (TdT) expression is lacking. 

Localized stages are successfully treated 
with complete surgical excision followed by two 
cycles of chemotherapy (cyclophosphamide, 
doxorubicin, vincristine, and prednisolone). 
Advanced stages warrant between four and eight 
cycles of chemotherapy, augmented by varying 
combinations of high-dose methotrexate, cyta- 
rabine, and etoposide. Prophylactic intrathecal 
therapy is also administered to high-risk patients 
in order to prevent central nervous system (CNS) 
recurrence. 

In developed countries, OS is excellent 
(>90 %, with differences according to stage at 
presentation) whereas, regretfully, it is much 
worse in endemic sub-Saharan countries. The 
incidence of relapse is highest within 6 months 
after the completion of treatment and the progno- 
sis of patients who suffer a relapse after optimized 
treatment is dismal. 
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5.3.4 T-Cell and B-Cell 

Lymphoblastic Lymphoma 

LBL is the second most common NHL of child- 
hood after BL, comprising 20-30 % of all pediat- 
ric NHLs. About 80-90 % of LBLs are of T-cell 
lineage and present as a bulky mediastinal mass 
and diffuse systemic disease. LBL of B-cell ori- 
gin (B-LBL) is less frequent and often limited to 
the skin, bone, or lymph nodes. 

The differential diagnosis of LBL vs. pre- 
cursor T-cell and B-cell acute lymphoblastic 
leukemia (ALL) depends on the percentage of 
blasts in the bone marrow biopsy specimen: 
LBL is defined as <25 % blasts, while ALL is 
diagnosed when blasts are >25 % [16]. Tissue 
involvement is characterized by the diffuse 
proliferation of small and intermediate cells 
with dense chromatin and scant cytoplasm; the 
mitotic rate is frequently elevated (Fig. 5.1c). 
The immunophenotype of TdT-positive cells 
with variable expression of the immature T-cell 
antigens CD la, CD4, and CD5, together with 
cytoplasmic CD3 positivity and (usually) sur- 
face CD3 negativity, is indicative of T-LBL. By 
contrast, a phenotype comprising TdT+, 
CD79+, CD10+, and CD20- is indicative of 
B-LBL. 

The backbone of LBL therapy is the 
LSA 2 -L 2 regimen and its variants [17-20], 
which are administered over a period of 1 8-24 
months and divided into induction, consoli- 
dation, reintensification, and maintenance 
phases. Prophylactic intrathecal methotrexate 
is often sufficient for preventing CNS recur- 
rences such that prophylactic cranial irra- 
diation is progressively disappearing from 
standard treatments. The OS of patients with 
limited-stage disease is 85-90 %, while trials 
of advanced stages have reported 3- to 6-year 
EFS rates of 70-90 % [16]. The majority of 
relapses occur within 12-24 months after diag- 
nosis. These patients have poor prognosis, 
with a 5-year OS of 10 % [11]. Re-induction 
treatments include platinum-based protocols. 
Patients with chemosensitive relapses ben- 
efit from stem cell transplantation procedures 
(auto or alio) [21-23]. 


5.3.5 Anaplastic Large Cell 
Lymphoma 

Between 10 and 15 % of childhood NHLs are 
ALCL. In children, the most frequent presentation 
is systemic, with nodal and extranodal involved 
sites including skin, bone, soft tissues, lung, 
and liver. Mediastinal localization is uncommon 
and bone marrow and CNS invasions are rare. 

Although T-cell antigens are not necessarily 
expressed, ALCLs are classified as lymphomas of 
mature T-cell origin because T-cell receptor (TCR) 
gene rearrangements are nearly always present [ 16] . 
Two different clinical entities are defined according 
to the presence or absence of a gene translocation 
involving anaplastic lymphoma kinase ( ALK ), the 
t(2;5) (p23;q35)/NPM-ALK translocation [24]. 
Unlike adult ALCLs, >90 % of pediatric ALCLs 
are ALK + , which have a better prognosis. The hall- 
mark neoplastic cells have bizarre, lobulated, or 
wreath-like nuclei with abundant cytoplasm. CD30 
positivity is required for the diagnosis (Fig. 5. Id). 
Epithelial membrane antigen (EMA) and CD45 are 
usually but not always positive [25]. 

Optimal primary treatment for ALCL has 
not been clearly established. Localized ALCL is 
almost always cured after a few cycles of short- 
course chemotherapy. For advanced- stage ALCL, 
EFS rates of 65-75 % have been reported with 
either LSA 2 -L 2 -like regimens or mature B-NHL- 
like chemotherapies [26, 27]. Poor prognostic 
features include ALK negativity or visceral, medi- 
astinal, or diffuse skin involvement. Unlike other 
NHL subtypes, relapsed ALCL is commonly che- 
mosensitive, with satisfying EFS rates achieved 
after chemotherapy with or without transplan- 
tation procedures. Trials of specific treatments 
targeting ALK proteins, CD30 antigen, or other 
signaling pathway components are underway. 

5.3.6 Diffuse Large B-Cell 
Lymphoma 

DLBCL is rare in childhood, but its incidence 
increases in adolescence. However, in patients 
with congenital, iatrogenic (posttransplanta- 
tion lymphoproliferative disorders, PTLD), or 
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acquired immunodeficiency, DLBCL is the most 
common lymphoma subtype and has an extremely 
poor prognosis. Patients may present with nodal 
or extranodal disease, but a solely gastrointesti- 
nal extranodal presentation is not uncommon. A 
rare primary mediastinal DLBCL has also been 
described in children. In DLBCL, the typical 
cells are large, with round nuclei and prominent 
central nucleoli. Immunophenotypically, they 
express pan B-cell markers such as CD20 and 
CD79a [28, 29]. 

Most treatment protocols aimed at advanced 
stages of the disease employ a combination 
of cyclophosphamide, high-dose methotrex- 
ate, cytarabine, and intrathecal prophylaxis, 
resulting in EFS rates >90 %. Lower- risk 
patients are treated with chemotherapies of 
reduced duration and intensity and survival is 
excellent [30]. 
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6.1 Background 

In pediatric lymphoma, effective therapeutic 
regimens are now widely available and further 
innovations are likely. However, the efficacy of 
treatment still relies on accurate staging, early 
evaluation of the disease, post-therapeutic moni- 
toring, and continued surveillance. Moreover, in 
children, high cure rates are only one of the 
beginnings, as the long-term potential conse- 
quences of radio- and chemotherapy, i.e., pulmo- 
nary, cardiovascular, reproductive, and thyroid 
complications, recurrent infections, and neuro- 
cognitive deficits, must be considered as well. 
Thus, a sensitive exam is not only crucial diag- 
nostically but it also avoids overtreatment. 
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18 F-FDG-PET/CT has been studied for 
decades in adult lymphomas, and while its role in 
this setting is well defined, in childhood lympho- 
mas, it is so far unclear. According to several 
authors, the usefulness of 18 F-FDG-PET/CT in 
all phases of disease management is debatable; 
however, it should be noted that the vast majority 
of these studies were retrospective, unicentric, 
and lacked reproducible timing of the PET scan 
during therapy evaluation. In fact, in addition to 
being a noninvasive examination, 18 F-FDG-PET/ 
CT offers several other advantages. First, as a 
functional imaging technique, 18 F-FDG-PET is 
essential to accurately study pediatric lymphoma 
as morphological data alone are insufficiently 
informative [1, 2]. Second, 18 F-FDG-PET is a 
highly sensitive functional exam, because its 
high spatial resolution is higher than that of 
nuclear imaging techniques such as gallium scin- 
tigraphy and bone scan [3-5]. Third, it exploits 
the intrinsic capability of tumor cells to take up 
FDG. Lastly, a whole-body exam extending from 
the orbitomeatal line to the proximal femur can 
be performed both in adults and children [6]. 

In lymphoma, 18 F-FDG-PET/CT can define 
disease stage as well as bone involvement, and in 
some cases, it is better than bone marrow biopsy, 
as it avoids sample errors or misdiagnoses due to 
the absence of iliac disease [7]. 

During therapy, interim PET establishes 
treatment efficacy. 18 F-FDG-PET/CT results 
were shown to correlate with progression-free 
survival and had a higher specificity than the 
findings obtained with conventional imaging 
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[8, 9]. The relevance of functional imaging is 
that the first response of malignant tissues to 
therapy is functional and only later morphologi- 
cal. Furthermore, functional but not morphologi- 
cal imaging can easily distinguish fibrotic from 
tumoral tissues. However, the optimal timing of 
the 18 F-FDG-PET/CT exam has yet to be estab- 
lished and remains a matter of debate. According 
to current knowledge, a repeat 18 F-FDG-PET/ 
CT should be performed after two cycles of 
chemotherapy. 

At the end of chemotherapy, the clinical objec- 
tive is to define whether the young patient will 
require salvage therapy or should follow a pro- 
gram of disease surveillance. This decision relies 
on the specificity and sensitivity of 18 F-FDG- 
PET/CT to stratify the disease and to avoid over- 
treatment in good responders. 18 F-FDG-PET/CT 
is more accurate than conventional imaging to 
exclude disease after treatment [9]. An open 
issue, at least for adults, is the minimal residual 
disease evaluation. To the best of our knowledge, 
there are no appropriate data for children with 
malignant lymphoma. A role for 18 F-FDG-PET/ 
CT in defining the target volume prior to radio- 
therapy has been established in several studies 
[ 10 - 12 ]. 

18 F-FDG-PET/CT may also be beneficial dur- 
ing surveillance, even in the absence of suspected 
relapse, as it allows the earliest possible detection 
of recurrence. Nonetheless, the high number of 
false-positives, especially in Burkitt’s lymphoma 
involving the gastrointestinal tract and abdominal 
lymph nodes, has discouraged its use in this set- 
ting [13-15]. 

In conclusion, the utility of 18 F-FDG-PET/CT 
in children with malignant lymphoma needs to be 
further evaluated in prospective and multicenter 


studies. Thus far, there is extensive evidence that 
the most promising applications in pediatric lym- 
phoma will be in disease staging and stratifica- 
tion, early therapeutic evaluation of therapy, and 
in case of suspected relapse. 


Case 1 

In the case presented in Figs. 6.1, 6.2, and 6.3, 
radiography of the tibias revealed findings con- 
sistent with nonossifying fibroma. This benign 
condition, which is commonly encountered in 
radiology, is a well-circumscribed solitary prolif- 
eration of fibrous tissue usually located in the 
metaphysis or diametaphyseal junction of the 
femur or tibia. It appears as an eccentric radiolu- 
cent lesion with thinned cortex, which can have a 
multilocular appearance and often a sclerotic 
margin [1]. During the involutional phase, 
osteoblastic activity increases as the lesion is 
replaced by new bone. The mechanism for 
18 F-FDG uptake by nonossifying fibroma and 
acute fractures may be similar, as the two shares 
increased blood flow as well as osteoblastic and 
metabolic activity [2]. In general, nonossifying 
fibroma regresses spontaneously. 

Teaching Point 

The PET appearance of nonossifying 
fibroma can mimic bone metastasis [16, 17]. 
When PET reveals metabolically active 
osseous abnormalities in children at risk 
for bone metastases, benign fibro-osse- 
ous lesions should be considered in the 
differential diagnosis. 
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Case 1 (continued) 



Fig. 6.1 A 15-year-old girl with Hodgkin’s disease. 
Coronal CT (a), PET (b), PET/CT fusion (c), and max- 
imum intensity projection (d) staging images show 


multiple sites of uptake in the supradiaphragmatic lymph 
nodes, indicative of stage II disease 


Fig. 6.2 Same patient as in Fig. 6.1. 
Coronal CT, PET, and PET/CT 
fusion images of the right tibia. 

The coronally reformatted CT 

(a) shows a lucent lesion in the distal 
right tibia, corresponding to increased 
uptake on coronal 18 F-FDG-PET 

(b) and 18 F-FDG-PET/CT fusion 
images (c). The disease stage has 
changed from stage II to stage IV 
based on osseous involvement 
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Case 1 (continued) 




Fig. 6.3 Same patient as above. The PET study during 
chemotherapy showed complete resolution of the lymph 
node uptake, as seen on MIP (a). Coronal CT shows 
unchanged lucent tibial lesion (b) while persistent uptake of 


18 F-FDG in the tibia is seen on PET (c) and PET/CT fusion 
(d). The evaluation at the end of treatment indicated com- 
plete lymphoma remission. Tibial uptake was unchanged 
on emission PET (e) 


Case 2 


Fig. 6.4 An 11 -year-old boy 
with Hodgkin’s disease, (a) 
Maximum intensity projection 
18 F-FDG-PET image shows 
multiple uptake sites in the 
supradiaphragmatic lymph 
nodes, (b) Axial CT and PET/ 
CT fusion images show 
involvement of the spleen. The 
final stage of the tumor was Ills 
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Case 3 



Fig. 6.5 A 9-year-old boy with stage IV Hodgkin’s disease, (a, b) Axial CT together with axial and coronal PET/CT 
fusion images show posterior left pleural involvement 
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Case 4 



Fig. 6.6 A 17 -year-old girl diagnosed with diffuse large 
cell lymphoma, an aggressive non-Hodgkin’s lymphoma 
that often involves the lymph nodes, spleen, liver, bone 
marrow, and other organs. Maximum intensity projection 


(a) and axial CT and PET/CT fusion images (b,c) show 
liver lesions with central necrosis (b) and lesion of the left 
adrenal gland (c) 
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Case 4 (continued) 



Fig. 6.7 Same patient as in Fig. 6.6. (a-c) Axial CT and PET/CT fusion images show lesions of the pancreatic tail (a) 
and spleen (b) as well as mesenteric lymph node involvement (c) 
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Case 4 (continued) 



Fig. 6.8 The same patient as above, (a) Sagittal- view CT, PET, and PET/CT fusion images show bowel involvement, 
(b) Axial CT and PET/CT fusion images show 18 F-FDG uptake in the small bowel 
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Case 4 (continued) 



Fig. 6.9 The same patient during chemotherapy uptake. A hot spot is visible in the left pelvis (c), which as 
treatment. Coronal CT (a), PET (b), and PET/CT fusion seen on axial CT and PET/CT fusion images (d) is due to 
images (c) show the disappearance of all pathological a physiological ovarian follicle 


Teaching Point 

It is important to be aware of the patient’s age and her menstrual cycle in order to correctly 
interpret physiological uptake in the pelvis [18, 19]. 
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Case 5 

A 2-year-old boy presented with fever, right knee 
pain, and lameness, previously treated with antibi- 
otics and low-dose betamethasone. The radiological 
finding suggested osteoarthritis of the right hip joint 
with involvement of the adjacent muscles, nonre- 
sponsive to antibiotics. An arthrotomy of the right 


hip joint was performed: the microbiological stud- 
ies were negative. Ultrasound imaging of the soft 
tissue of the neck showed small laterocervical bilat- 
eral lymph node adenopathy, without colliquation. 
A PET/CT study was requested to metabolically 
characterize both the hip lesions and the laterocervi- 
cal lymph adenopathy (Figs. 6.10, 6.11, 6.12, 6.13, 
6.14, 6.15, and 6.16). 



Fig. 6.10 Coronal CT (a), PET (b), PET/CT fusion the laterocervical lymph nodes and a lesion in the fifth 
images (c), and maximum intensity projection (d) of the cervical vertebra 
head-neck region showing extensive 18 F-FDG uptake in 
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Case 5 (continued) 



Fig. 6.11 Same patient as in Fig. 6.10. Coronal CT (a), PET (b), and PET/CT fusion (c) images show intense uptake 
in the proximal and distal right femur as well as in the proximal right tibia 
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Case 5 (continued) 


Fig. 6.1 2 Same patient as 
above. Maximum intensity 
projection (a) and coronal 
PET/CT fusion (b) images 
show multiple sites of uptake 
in the pelvic bone, proximal 
humerus, right scapula, and 
sternum. Multiple pathological 
supra- and subdiaphragmatic 
lymph nodes are also present. 
A PET-guided biopsy of a 
laterocervical lymph node 
confirmed the diagnosis of 
t(2;5)-positive anaplastic large 
cell lymphoma, stage IV 




Teaching Point 

Non-Hodgkin’s lymphoma may have a silent 
onset and involve several organ systems, includ- 
ing bone. In this patient, the condition was ini- 
tially suspected to be benign. Conventional 
imaging methods, generally used to evaluate the 
extent of non-Hodgkin’s lymphoma, did not 


identify the malignant characteristics of the hip 
joint lesion. PET/CT can be a useful tool in the 
metabolic characterization of lesions of 
unknown origin. It improves their localization, 
and allows a guided biopsy, by identifying the 
more accessible and active sites, and thus 
increases the diagnostic success rate. 
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Fig. 6.13 The same patient at the end of the therapy 
according to the Italian chemotherapy protocol for non- 
Hodgkin’s lymphoma (ALCL AIEOP 99). (a) Coronal 
CT, PET, and PET/CT fusion images and maximum inten- 
sity projection show complete disease remission, with the 
disappearance of all bone and lymph node uptake. Note 


the intense uptake in the anterior mediastinum, due to 
hyperplasia of the thymus, (b) Asymmetric uptake is vis- 
ible in the left laterocervical region but without corre- 
sponding morphological alterations on CT. This site 
corresponds to brown fat activation 
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Fig. 6.14 Same patient 1 month later. Coronal CT (a), 
PET (b), and PET/CT fusion (c) images show disease 
relapse in the right laterocervical lymph nodes and the 


persistence of thymic hyperplasia, (d) Axial CT and PET/ 
CT fusion images show bilateral lymphonodal recurrence 
of the lymphoma 



Fig. 6.1 5 Same patient, 9 months after allo-hematopoi- 
etic stem cell transplant and stop therapy. Coronal CT (a), 
PET (b), and PET/CT fusion (c) images and maximum 
intensity projection (d). The PET study shows normal 
FDG distribution. Noted the disappearance of the anterior 


mediastinal uptake at the site of the thymic hyperplasia. 
Following 18 F-FDG injection, the patient spent the wait- 
ing time in a warm room in order to prevent brown fat 
activation 
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Fig. 6.16 Same patient 2 years later; the child is now 4 
years old. A PET study was performed to determine the 
source of diffuse muscle pain, strabismus, and ocular 
pain, suggestive of disease recurrence in the brain. 
Coronal PET (a) and PET/CT fusion (b) images and 


maximum intensity projection (c) did not show uptakes 
consistent with NHL recurrence, but there was diffuse 
inhomogeneous muscular uptake. The patient underwent 
a muscle biopsy, which showed myositis. Serum creatine 
kinase was elevated 


Teaching Point 

Myositis refers to any condition causing 
inflammation in one or more muscles. 
Weakness, swelling, and pain are the most 
common symptoms. The causes of myositis 
include infection, injury, autoimmune condi- 
tions, and drug side effects. This condition 


should be kept in mind for patients undergo- 
ing PET studies, performed after other condi- 
tions that can result in increased FDG by the 
muscles have been excluded, such as elevated 
serum glucose or insulinemia, the absence of a 
fasting condition, or prolonged muscular 
activity. 
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Case 6 

A 7-year-old boy who 5 years earlier underwent 
bilateral nephrectomy for Denys-Drash syn- 
drome, followed by kidney transplantation and 
hypospadias repair. He was placed on immuno- 
suppression therapy. Three years ago, he was 
diagnosed with an Epstein-Barr virus infection 
followed 2 years later by the appearance of 
axillary lymph node enlargement. A biopsy 


confirmed the suspected posttransplantation 
lymphoproliferative disorder (PTLD), CD20 
and CD79a positive, Ki67 = 80 % (Burkitt’s 
lymphoma B phenotype) (Figs. 6.17, 6.18, 6.19, 
and 6.20). 

Denys-Drash syndrome is a rare disorder con- 
sisting of the triad of congenital nephropathy, 
Wilms’ tumor, and gonadal dysgenesis, resulting 
from mutations in the Wilms’ tumor suppressor 
( WT1 ) gene on chromosome band 1 lpl 3. 



Fig. 6.17 A 7-year-old boy underwent a PET study for 
EBV-associated posttransplantation lymphoproliferative 
disorder (PTLD-EBV) staging. Coronal CT (a), PET (b), 


and PET/CT (c) fusion images show intense uptakes in 
the stomach and left colon in addition to a large lymph- 
adenopathy of the celiac region 
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Case 6 (continued) 



Fig. 6.18 Same patient as in Fig. 6.18. (a) Axial CT and PET/CT fusion images of the stomach and celiac lymph nodes, 
(b) Axial CT and PET/CT fusion images show intense uptake also in the left colon 
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Case 6 (continued) 



Fig. 6.19 Same patient after chemotherapy. MIP (a), coronal CT (b), PET (c), and PET/CT fusion (d) images show 
gastric disease persistence 



Fig. 6.20 Same patient as above. Axial CT (a), PET (b), and PET/CT fusion (c) images show a thickened gastric fun- 
dus, corresponding to elevated metabolic activity indicative of disease persistence 


Teaching Point 

PTLD occurs as a direct sequela of chronic 
immunosuppression [20]. It is a well recog- 
nized, although relatively uncommon com- 
plication of both solid-organ and allogeneic 
bone marrow transplantation. EBV, a mem- 
ber of the herpes virus family and one of the 
most common human viruses, is believed to 
induce PTLD. B cells are typically infected, 


as a consequence of either reactivation of 
the virus posttransplantation or primary 
posttransplantation EBV infection via the 
donor. While T-cell lymphoproliferative 
disorders are not associated with EBV 
infection, they have been documented after 
solid-organ and bone marrow transplanta- 
tions. The vast majority are B-cell prolifera- 
tions, as in this patient [21]. 
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Fig. 6.21 A 10-year-old boy with Hodgkin’s lymphoma 
nodular sclerosis type, stage IV (lungs, bone marrow, 
and bone involvement), (a) In the MIP image acquired 
in a basal study, multiple areas of pathological tracer 
uptake are evident in the supradiaphragmatic and 


subdiaphragmatic regions. Transaxial PET (b), CT (c), 
and PET/CT fusion (d) images show diffuse tracer uptake 
in the bone, with no evidence of focal uptake in the 
sacrum and in particular in the S3 vertebra 
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Case 7 (continued) 



Fig. 6 .22 The same patient after four courses of ABVD 
chemotherapy. Posttreatment evaluation. MIP (a), PET 
(b), PET/CT fusion (c), CT (d), and MRI sagital (e), 
images. There is complete regression of all previously 
described areas of pathological nodal and extranodal 
tracer uptake (a), but a new site of uptake is seen in the 
body of S3 vertebra ( black arrow in b), not evident in the 
baseline study and without corresponding structural 


abnormalities in the CT component of the PET/CT scan. 
This Ending, although suspicious for Hodgkin’s lym- 
phoma, was further investigated, as the patient had suf- 
fered a sacral trauma 3 weeks earlier. MRI (e) showed an 
abnormal T1 signal in the body of S3 ( white arrow), con- 
cordant with the PET/CT Endings. The S3 lesions were 
subsequently biopsied, which confirmed the presence of 
Hodgkin’s lymphoma 


Teaching Point apy but the subsequent appearance of a new 

The peculiarity of this case was the complete focus at a site not involved in the baseline 
response of the disease foci to the chemother- study. 
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Other Hematological Diseases 
(Leukemia) 



Angelina Cistaro 


Acute lymphoblastic leukemia (ALL) is the most 
frequent malignant neoplasm in childhood, 
accounting for approximately 30 % of pediatric 
cancers [1]. Common sites of either primary 
involvement or recurrence are the testicles (2 %) 
and central nervous system (CNS) (5-11 %), 
but other organs, particularly the ovaries, breast, 


eye, skin, and lymph nodes, are also possible 
sites of the disease. In some patients, a clinical 
suspicion of ALL recurrence may be difficult to 
confirm since many other conditions, such as 
infection and drugs, induce similar symptoms, 
including cytopenia, hepatosplenomegaly, and 
lymphadenopathy. 
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Case 1 

An 1 1 -year-old girl treated for acute myeloid leu- 
kemia 1 year earlier presented with pain in the 
big toe of the right foot, then at the back of the 


foot, and in the calf. MRI of the spine demon- 
strated diffuse signal alteration. Both lumbar 
puncture and fine needle aspirations of the bone 
marrow were negative for leukemic cells. The 
outcome is shown in Fig. 7.1. 



Fig. 7.1 Coronal CT (a), PET/CT fusion (b), and axial the femoral biceps muscle. A PET-guided biopsy proved 

CT and PET/CT fusion (c) images of the legs show focal the recurrence of acute myeloid leukemia 

18F FDG U pt a k e j n the upper right popliteal cavity, lateral to 
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Case 2 

A 5-year-old boy was diagnosed and treated for 
pre-B ALL. Four years later, he was reevaluated 
for an isolated lymphadenopathy of the head-neck 


region, without signs of inflammation on the over- 
lying skin. There was no serological evidence of a 
recent infection nor were there any notable changes 
after empirical antibiotic and anti-inflammatory 
therapy. The outcome is shown in Figs. 7.2 and 7.3. 



Fig. 7.2 Pretreatment PET/CT scan, (a, b) Axial CT and PET/CT fusion images show pathological 18 F-FDG uptake by 
the right laterocervical lymph nodes 
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Case 2 (continued) 
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Fig. 7.3 The boy was treated with a second-line therapy, (a, b) Posttreatment 18 F-FDG-PET/CT scan shows no patho- 
logical uptake in previously involved sites, suggesting a complete response to therapy 


Teaching Points 

18 F-FDG-PET/CT is not a cancer-specific 
examination and false-positive findings have 
been reported, given that enhanced FDG 
uptake is also a feature of infectious diseases 
(mycobacterial, fungal, and bacterial), sar- 
coidosis, radiation pneumonitis, and postop- 
erative surgical conditions. However, 
18 F-FDG-PET/CT still has several advan- 
tages in the cancer setting, especially in 
guiding further diagnostic intervention at 


probable sites of disease recurrence [2]. It 
also allows the staging of other potentially 
involved tissues with just a single examina- 
tion. In fact, a whole-body scan, obtained in 
a single session, increases the likelihood of 
finding unsuspected disease sites. Finally, 
during the course of therapy, 18 F-FDG-PET/ 
CT can be useful in assessing the efficacy of 
treatment, considered to be one of the most 
important prognostic factors in ALL, by 
focusing on the identified lesions [3]. 




7 Other Hematological Diseases (Leukemia) 


65 


References 

1. Pui C-H, Evans WE (2006) Acute lymphoblastic leu- 
kemia. N Engl J Med 354:166-178 

2. Stolzel F, Rollig C, Radke J et al (2011) 18F-FDG- 
PET/CT for detection of extramedullary acute myeloid 
leukemia. Haematologica 96(10): 1552-1556 


3. Koh H, Nakamae H, Hagihara K, Nakane T, Manabe 
M, Hayashi Y et al (2011) Factors that contribute to 
long-term survival in patients with leukemia not in 
remission at allogeneic hematopoietic cell transplanta- 
tion. J Exp Clin Cancer Res 30:36 


Primary Bone Tumors 
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Natale Quartuccio and Angelina Cistaro 


8.1 Introduction 

Several benign bone tumors may be seen in 
the pediatric population [1]. The wide spec- 
trum of benign conditions includes osteoma, 
enchondroma, osteoblastoma, osteochondroma, 
chondroblastoma, chondromyxoid fibroma, hem- 
angioma, and tumorlike disorders such as nonos- 
sifying fibroma, eosinophilic granuloma, simple 
bone cyst, aneurysmal bone cyst, and fibrous 
dysplasia [1, 2]. Osseous malignancies, by con- 
trast, are very rare, accounting for 6 % of all pedi- 
atric cancers [3, 4]. The most frequent primary 
malignant tumors are osteosarcoma and Ewing’s 
sarcoma, followed by chondrosarcoma and fibro- 
sarcoma [5]. 
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Osteogenic sarcoma (OS), also called 
osteosarcoma, derives from primitive bone- 
forming mesenchymal stem cells and most often 
involves the metaphyseal portions of the long 
bones (distal femur, proximal tibia, and proximal 
humerus) although flat bones and the spine are 
affected in 10 % of OS patients [6]. The incidence 
peaks in the second decade of life and is rare in 
children younger than 10 years. OS can be caused 
by radiation exposure, sarcomatous transforma- 
tion of Paget’s disease, or in relation to hereditary 
retinoblastoma or rare syndromes (Werner syn- 
drome, Li-Fraumeni, and Rothmund-Thomson). 
However, secondary OS is most often seen in the 
elderly. The clinical presentation includes pain 
(dull, aching, constant, worse at night) and the 
possible presence of a mass effect. The overall 
survival and event- free survival (EFS) at 5 years 
for patients with nonmetastatic OS are approxi- 
mately 75 and 65 %, respectively [7]. The prog- 
nosis is related to the presence of metastases at 
diagnosis, patient age, tumor location, response 
of the primary tumor to neoadjuvant chemother- 
apy, and tumor grade [6, 8]. There is evidence 
suggesting that histological subtypes and variants 
also impact survival [9, 10]. For example, chon- 
droblastic OS responds poorly to chemotherapy 
and the outcome of these patients is worse than 
those with other histotypes [6]. By contrast, 
patients with periosteal OS have a favorable out- 
come [11]. 
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8.2 Ewing's Sarcoma 

Ewing’s sarcoma (EWS), a member of the Ewing 
family of tumors (ESFT), is the second most 
frequent pediatric bone tumor, with a peak of 
incidence in the second decade of life. The inci- 
dence of ESFT is 1-3 per million people per year 
[12]. Molecular diagnostic techniques play a 
key diagnostic role, as 85 % of patients are posi- 
tive for the [t(ll;22)(q24;ql2)] translocation, 
between the EWSR1 gene of chromosome 22 
and an ETS family gene, usually FLI1, of chro- 
mosome 11 [13]. The [t(21;22)(q22;ql2)] trans- 
location is found in only 10 % of EWS tumors 
and other translocations are extremely rare [14]. 
Translocations generate the EWS-FLI-1 fusion 
protein, which is thought to act as an aberrant 
transcriptional activator [15]. 

The preferential locations of EWS are the pel- 
vis (26 %), femur (20 %), tibia/fibula (18 %), 
chest wall (16 %), upper extremity (9 %), and 
spine (6 %) [2]. The symptoms are not pathogno- 
monic as they include pain and swelling, fever, 
and weight loss. The main prognostic factors at 
diagnosis are tumor stage, distant disease, pri- 
mary location in the axial skeleton, and primary 
tumor size exceeding 8 cm [16]. At diagnosis, 
approximately 20 % of EWS patients present 
with metastases, most often in the bones (51 %) 
and lungs (44 %) but also in other sites (5 %) 
[17]. The 5-year survival of patients with local- 
ized disease is 68 %, whereas for those with met- 
astatic disease, it is 39 % [18]. 

An imaging diagnostic work-up of pediatric 
bone sarcomas generally starts with the inex- 
pensive plain film, but lytic lesions are detected 
on X-ray only when the loss of mineralization 
reaches 30-50 %. To evaluate the primary tumor 
site, MRI is a fundamental tool as it defines 
the local extent, bone marrow involvement, 
and the presence of skip lesions. Currently, 
99mTc whole-body scintigraphy is used in most 
nuclear medicine departments to detect osseous 


metastases, while high-resolution CT is still the 
gold standard in evaluating the extent of chest 
disease [19]. However, peritumoral edema can 
complicate MRI-based assessments of the bone 
marrow and both CT and MRI are limited by 
potential artifacts and significant beam harden- 
ing in the presence of metallic prostheses, e.g., 
in patients who have undergone limb salvage 
procedures. 

In the last decade, the utility of FDG-PET/CT 
as an imaging tool in malignant osseous tumors 
has been established based on its ability to visual- 
ize the bones and soft tissues in a single examina- 
tion (Figs. 8.1, 8.2, and 8.3). In addition, 
FDG-PET/CT, by overcoming some of the typi- 
cal limitations of morphological imaging, is an 
emerging powerful tool in the assessment of met- 
astatic disease at diagnosis as well as at follow- 
up [1, 20]. A particular advantage of FDG-PET/ 
CT over conventional imaging is its ability to dif- 
ferentiate between disease recurrence and the 
post-therapeutic distortions of the normal anat- 
omy and tissues following radiotherapy and 
surgery. In these cases, a normal FDG-PET/CT 
may prevent biopsies. In detecting distant tumor 
recurrence, FDG-PET/CT, with its whole-body 
imaging capabilities, is the preferred imaging 
approach, whereas MRI and CT may better depict 
local recurrence in the primary tumor bed due to 
their small fields of view [21]. Therefore, the rec- 
ommended imaging strategy in the pediatric pop- 
ulation would be the more extensive use of 
whole-body MRI or the introduction of hybrid 
PET/MRI into clinical practice. 

Low-grade sarcomas can be falsely negative 
on FDG-PET/CT [22] but they are less frequent 
in pediatric patients [23, 24]. Nonetheless, the 
measure of sarcoma metabolism by means of 
standard uptake value (SUV) has been also 
proposed as a predictor of pathological grade 
of the tumor and a guide for biopsy toward the 
most biologically significant regions of large 
masses [25]. 
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Fig. 8.1 A 17-year-old boy with Ewing’s sarcoma of the 
left pelvis, with extension into the iliac bone, acetabulum, 
gluteus, and piriformis muscles. As the patient suffered 


intense pain in the affected areas, the study FDG-PET/CT 
was done with the patient prone rather than supine 
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Fig. 8.2 Same patient as in Fig. 8.1. (a) Axial bone 
window CT and PET/CT fusion images of the prone pel- 
vis show pathological uptake in the left sacrum and iliac 
bone. On CT, interruption of the posterior cortical bone of 
the sacrum, a sign of the lesion’s aggressiveness, can be 


seen (a). Axial soft tissue window setting on CT and axial 
(b) and coronal PET/CT fusion (c) images of the prone 
pelvis show pathological uptake in the foramen of the 
sacral nerve and in the erector muscle of the spine 
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Fig. 8.3 Axial mediastinal (a) and bone (b) windows CT bone uptake. Reduction of the sarcoma mass reduced the 

and PET/CT fusion images posttreatment show the com- patient’s pain, which allowed image acquisition in the 

plete disappearance of the pathological soft tissue and conventional (supine) position 
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8.3 Lung Metastases in Primary 
Bone Sarcoma 

In up to 20 % of patients with OS or EWS, 
clinically evident metastatic disease is already 
present at the time of diagnosis. Among these 
patients, the lungs will be involved in 92 % [26]. 
In patients who do not initially present with 
metastases, the probability of lung metastasis is 
28 % after 5 years [27]. Early detection of lung 
metastases enables disease control by metasta- 
sectomy [28-30], which results in a more favor- 
able prognosis (5 -year disease-free and overall 
survival of 10-35 %). By contrast, in patients 
treated with combination chemotherapy, a com- 
plete response is obtained in <10 % of the cases 
and the prognosis is poor [31]. 

High-resolution CT, due to its high sensitivity, 
remains the gold standard in detecting lung 
metastases, although difficulties are encountered 
in defining the true nature of lung nodules in 
these patients. FDG-PET/CT has good specific- 
ity in the assessment of suspicious nodules and 
better diagnostic performance than other imaging 
methods when the diameter of the lung lesion 
is >6 mm [20] because of the limited resolution 
of PET or CT alone and the artifacts that arise 
in these studies from partial volume effects and 
respiratory movement. Instead, the higher speci- 
ficity of 18 F-FDG-PET/CT reinforces the com- 
plementary roles of these other modalities in the 


assessment of lung lesions (Figs. 8.4, 8.5, and 
8.6) such that indiscriminate use of surgical biop- 
sies and nodulectomies is often avoided [20] . 

Fung nodules, frequently small in size and 
multiple, must be evaluated with a semiquantita- 
tive or qualitative approach. The classical SUV max 
cutoff value (2.5) used to discriminate between 
benign and malignant lung nodules is not suitable 
in pediatric oncology patients because their lung 
lesions differ from those of adults with respect 
to glucose metabolism. Furthermore, in the clini- 
cal history, several conditions must be consid- 
ered, such as recent cough, fever, and infections, 
all of which can generate benign pulmonary 
nodules with high glucose metabolism that are 
mistakenly interpreted as tumors. Cistaro et al. 
attempted to establish an SUV max cutoff value 
that allowed the correct diagnosis of pulmonary 
nodules in pediatric patients with bone sarcomas. 
Whereas for lesions <5 mm significant SUV max 
(and the SUV ratio) values could not be defined, 
an SUV max threshold >1.09 was found to be con- 
sistent with malignancy for nodules >6 mm in 
diameter. The authors concluded that knowl- 
edge of the patient’s clinical history combined 
with the use of a semiquantitative approach may 
diminish the number of false-positive malignant 
nodules. Overall, 18 F-FDG-PET had an accuracy 
of 88.9 %, a sensitivity of 90.3 %, a specificity of 
87.5 %, and a PPV and NPV of 90.3 and 87.5 %, 
respectively [30]. 
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Fig. 8.4 A 14-year-old boy with Fraumeni syndrome 
who was treated for bilateral retinoblastoma and 
osteoblastic osteosarcoma of the right femur. The PET 
restaging study showed inhomogeneous uptake in the 


right upper lobe of the lung (SUV max 2.4). The patient 
underwent resection of the lesion, subsequently diagnosed 
as a metastasis without necrosis 
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Fig. 8.5 A 21 -year-old female treated 7 years earlier for 
osteosarcoma of the humerus, including seven pulmonary 
metastasectomies. (a-d) Axial lung windows on CT and 
PET/CT fusion images show focal FDG uptake corre- 
sponding to a nodule on the right upper lobe of the lung 
(SUV max =5:7) (yellow arrow in c). The nodule was 


interpreted as of inflammatory origin and the patient was 
treated with antibiotics. A chest CT 15 days later con- 
firmed the inflammatory nature of the lesion. On CT, 
another small nodule (red arrow in a) initially detected 2 
years earlier is seen 
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Fig. 8.6 The same patient 6 months later. Axial PET/CT 
fusion images show a mild increase in the dimensions and 
degree of 18 F-FDG uptake by the small nodule 


8.4 Bone Metastases 

No consistent data on the risk and sites of 
extrapulmonary metastasis from bone sarcomas 
are available. However, the bones seem to be the 
more frequent site of extrapulmonary metastases, 
as bone metastases develop in 33 % of patients 
(Fig. 8.7) [31]. Since the bones are not connected 
to the lymphatic system, tumor dissemination is 
almost exclusively through the blood. 

FDG-PET/CT directly identifies bone lesions 
on the basis of their glucose metabolism and is 


(SUV max =2.3). The patient underwent lung surgery. The 
final diagnosis was metastasis with poor necrosis 


thus better able to detect the osseous metastases 
of EWS than 99mTc bone scintigraphy [32]. 
Nonetheless, despite its lower resolution, bone 
scintigraphy has a high detection rate for skeletal 
OS metastases. This most likely reflects the 
intense osteoid production and osteoblastic activ- 
ity of OS. EWS tends to infiltrate the bone mar- 
row rather than mineralized bone such that 
osteodestruction is dominated by osteoclastic 
activity [33, 34]. 
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Fig. 8.7 A 17-year-old boy treated for sarcoma. Coronal CT (a), PET (b), and PET/CT fusion (c) images show mild 
FDG uptake in the left humeral head and another, more intense accumulation in the sternum 


8.5 Other Sites of Metastases 

Extrapulmonary and extraosseous lesions are 
extremely rare. According to the limited data on 
lymph node involvement, metastatic lymph nodes 
are seen in 10 % of the OS cases at autopsy [35]. 
FDG-PET/CT effectively detects lymph node 
metastases (Fig. 8.8) as well as metastases in 
other, more unusual sites (<3 % of patients with 
metastatic disease), e.g., brain, liver, muscles, 
abdomen, and scalp [20, 26]. A large retrospec- 
tive study by the Cooperative German-Austrian- 
Swiss Osteosarcoma Study Group yielded 
detailed data on the distribution of OS metasta- 
ses; in 12.4 % of the 1702 OS patients, metastases 
were present at the time of diagnosis. The lungs 
were involved in 86.7 % patients, distant bones in 


21.2 %, and other sites in 0.09 % (lymph nodes 
in 15 patients, other soft tissues in 3, skin, brain, 
and liver in 1 patient each) [36]. The European 
Intergroup Cooperative Ewing’s Sarcoma Study 
Group collected data from 975 EWS patients. 
In 179 (18.4 %), metastases were detected at 
initial presentation. In 79 of those patients, the 
lungs were the only site involved by metastasis, 
while in 92 patients, bone with or without lung 
involvement was present. Eight patients had 
metastases at other sites, and in one patient, the 
metastatic site was not specified [17]. In patients 
with metastatic disease, FDG-PET/CT can iden- 
tify extrapulmonary lesions with a higher sensi- 
tivity, specificity, and accuracy than provided by 
conventional imaging (83.3 vs. 77.8%, 98.1 vs. 
96.7 %, 96.9 vs. 95.2 %, respectively) [20]. 
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Fig. 8.8 A 15-year-old girl treated for Ewing’s sarcoma 
of the right fibula. Axial CT (a), PET (b), and PET/CT (c) 
fusion images show a small focal area of uptake in the left 


popliteal fossa, indicating recurrence of the disease in the 
lymph nodes 


8.6 Local Recurrence 

Since pediatric patients with bone sarcoma usu- 
ally undergo surgery in combination with robust 
chemotherapy and radiotherapy protocols, they 
are likely to develop tissue scarring, fibrosis, and 
inflammation that on imaging can simulate recur- 
rent disease. Assessment of local recurrence by 
means of morphological imaging can be difficult 
because of tissue changes following previous 
treatment. In addition, metallic prostheses can 
cause significant artifacts on MRI. In these set- 
tings, FDG-PET/CT may be diagnostically use- 
ful as it is able to differentiate viable tumor from 
fibrosis and inflammatory tissue from malignancy 


(Figs. 8.9 and 8.10) [21]. The sensitivity, specific- 
ity, accuracy, NPV, and PPV of FDG-PET/CT in 
discriminating local recurrence from bone tumors 
were reported to be 100, 92, 95, 100, and 88 %, 
respectively [37]. 

Patients who suffer a relapse of primary bone 
cancer have a poor prognosis [38]. In a retrospec- 
tive analysis of 1 14 OS patients, McTiernan and 
colleagues reported a 5 -year estimate of post- 
relapse survival (PRS) of 19.2 ±7.7 %. A much 
worse outcome (5 -year PRS = 13.3 ±8.8 %) was 
documented for patients with simultaneous local 
and distant recurrence than for patients with 
local recurrence alone (27.3 ±11.6 %), but the 
difference was not statistically significant [37]. 
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Fig.8.9 A 15-year-old girl previously treated for Ewing’s images show a right soft tissue recurrence between the 

sarcoma of the right fibula. The coronal (a-c) and axial popliteal muscles, involving the proximal fibula 
(d-f) CT (a, d), PET (b, e), and PET/CT fusion (d, f) 
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Fig. 8.10 A 15-year-old boy treated for osteosarcoma of prosthesis due to static-dynamic alterations during 
the left femur. Coronal CT (a), PET (b), and PET/CT walking and standing, (d) MIP shows the different lengths 
fusion (c) images show focal uptake at the apex of the of the legs, with the left being shorter than the right 
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8.7 Therapy Monitoring 

In OS, a further application of FDG-PET/CT is to 
monitor the response of the primary tumor or the 
metastases to chemotherapy, including to new 
therapeutic protocols (Figs. 8.11, 8.12, and 8.13). 
While the therapeutic response of bone tumor 
lesions is usually assessed on the basis of morpho- 
logical changes on CT and MRI, in bone tumors, a 
change in the size of the lesion is not always a reli- 
able parameter. By contrast, in the follow-up of 
neoplastic lesions, FDG uptake is significantly 
related to tumor or metastatic response and, in this 
context, is superior to morphological assessment. 
In addition, identification of the most active site of 
the mass can also guide the clinician in choosing 
the best biopsy site as well as in devising a tailored 
radiotherapy plan [32, 39— 41] . Some authors have 
suggested the use of a post-therapy SUV max cutoff 
(2.5) response or an SUV 2 : SUVi ratio of 0.5 to 
discriminate between good and poor responses 
[42]. Differences in the therapeutic response 


criteria used in the evaluation of OS and EWS 
have also been noted. Using histological regres- 
sion as the reference, Denecke et al. studied 27 
patients with EWS and OS who were evaluated by 
FDG-PET/CT and MRI before and after neoadju- 
vant chemotherapy prior to tumor resection. In the 
subgroup of OS patients, FDG-PET/CT was supe- 
rior to MRI in the noninvasive response assess- 
ment, whereas in EWS patients, neither FDG-PET 
nor MRI criteria enabled a reliable response 
assessment [41]. However, these conclusions were 
based on small series and further investigations are 
warranted. 

As in soft tissue sarcomas, radiotherapy is 
also the suggested treatment for patients with 
bone sarcomas. However, because detailed inves- 
tigations are lacking, PET/CT is currently not 
routinely used for radiotherapy planning, but as 
in other tumors, it may be useful to determine the 
correct target volume and to select a patient- 
tailored radiation field according to disease extent 
(Figs. 8.14, 8.15, and 8.16) [43]. 
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Fig. 8.11 A 17-year-old girl received chemotherapy fol- 
lowed by surgery for osteoblastic osteosarcoma of the 
distal right femur and lung metastasis. Coronal mediasti- 
nal window CT (a), PET (b), and PET/CT fusion (c) 


images show a recurrence of the osteosarcoma on the 
right iliac bone and peri-skeletal soft tissue. Axial bone 
window settings on CT (d) and PET/CT fusion (e) images 
show cortical erosion of the right iliac bone 
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Fig. 8.1 2 The same patient after chemotherapy. Axial bone window settings on CT (a) and PET/CT fusion (b) images 
show persisting inhomogeneous 18 F-FDG uptake reflecting the continued presence of some vital tumor cells 



Fig. 8.1 3 The same patient as in Figs. 8.11 and 8.12. The 
decision was made to treat the patient with samarium lexi- 
dronam pentasodium. Coronal (a-c) and axial (d) CT (a), 
PET (b), and (c, d) PET/CT fusion images after 


radiometabolic therapy show a resumption of tumor 
growth. The patient died 1 year later due to local and 
distant disease progression 
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Fig. 8.14 A 13-year-old boy underwent chemo- and 
radiotherapy for an extensive Ewing’s sarcoma of the left 
chest wall with pleural extension. Axial PET/CT fusion 
images show 18 F-FDG uptake at the level of ribs IV and V. 


Since the radiation dose was not sufficient to radiate the 
entire morphology of the lesion, a PET study was carried 
out for radiotherapy planning, focusing on the metabolic 
activity of the tumor 
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Fig. 8.1 5 Fusion PET/CT planning radiotherapy targeting focal 18 F-FDG uptake (Images provided by A. Mussano and 
E. Madon, Radiotherapy Unit, Regina Margherita Children’s Hospital, Turin, Italy) 



Fig. 8.16 (a) Geometry of irradiation, (b) Image at the isocenter shows the transversal dose distribution (Images 
provided by A. Mussano and E. Madon, Radiotherapy Unit, Regina Margherita Children’s Hospital, Turin, Italy) 
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Utility of ,8 F-FDG-PET/CT in Soft 
Tissue Sarcomas 
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Somali Gavane, Angelina Cistaro, 
and Heiko Schoder 


9.1 Background 

Pediatric soft tissue sarcomas (STS) are a hetero- 
geneous group of mesenchymal tumors that differ 
in both their behavior and their treatment. The 
many different histological subtypes also widely 
vary with respect to the degree of malignancy and 
aggressiveness. Table 9.1 lists the tumors included 
in the soft tissue category according to the 2002 
World Health Organization classification. 

The main indications of FDG-PET/CT in STS 
are the staging of locally advanced high-grade 
tumors and the detection of suspected local 
recurrence. 

Rhabdomyosarcoma (RMS) is the most com- 
mon STS in children and adolescents, accounting 
for ~5 % of all pediatric cancers and about half of 
all STS [1]. The tumor can arise anywhere in the 
body and carries a high risk of locoregional lymph 
node extension. Survival at 5 years is improved by 
combining polychemotherapy with local treat- 
ment of the primary tumor and its metastases. 
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Table 9.1 Soft tissue tumors according to the 2002 
WHO classification 

Adipocytic tumors 
Dedifferentiated liposarcoma 
Myxoid/round cell liposarcoma 
Pleomorphic liposarcoma 
Fibroblastic/my ofibroblastic tumors 
Fibrosarcoma 

Low-grade myxofibrosarcoma 
Low-grade fibromyxoid sarcoma 
Sclerosing epithelioid fibrosarcoma 
So-called fbrohistiocytic tumors 

Undifferentiated pleomorphic sarcoma/malignant 
fibrous histiocytoma (MFH) 

Smooth muscle tumors 
Leiomyosarcoma 
Skeletal muscle tumors 

Rhabdomyosarcoma (embryonal, alveolar, and 
pleomorphic forms) 

Vascular tumors 

Epithelioid hemangioendothelioma 
Angiosarcoma — deep 
Tumors of peripheral nerves 
Malignant peripheral nerve sheath tumor 
Chondro-osseous tumors 

Extraskeletal chondrosarcoma (mesenchymal and 
other variants) 

Extraskeletal osteosarcoma 
Tumors of uncertain differentiation 
Synovial sarcoma 
Epithelioid sarcoma 
Alveolar soft part sarcoma 
Clear cell sarcoma of soft tissue 
Extraskeletal myxoid chondrosarcoma 

(continued) 
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Table 9.1 (continued) 

Primitive neuroectodermal tumor (PNET)/extraskeletal 
Ewing’s tumor 

Desmoplastic small round cell tumor 
Extrarenal rhabdoid tumor 

Undifferentiated sarcoma; sarcoma, not otherwise 
specified (NOS) 


18 F-FDG-PET/CT provides important addi- 
tional information in the initial staging of RMS, 
mainly by evaluating the lymph nodes and metas- 
tases, with a significant impact on therapeutic 
management (Figs. 9.1, 9.2, 9.3, 9.4, 9.5, 9.6, 9.7, 
9.8, 9.9, and 9.10). There is also a high prognos- 
tic impact of 18 F-FDG-PET/CT in the early 
assessment of the therapeutic response [2, 3]. 
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Fig. 9.1 A 6-year-old girl with embryonal rhabdomyo- 
sarcoma of the left zygomatic region. Axial CT (a), PET 
(b), and PET/CT fusion (c) images show large and intense 


18 F-FDG uptake in the zygomatic arch, masseter and tern 
poral muscles 


b 


Q 



Z 








Fig. 9.2 The same patient as in Fig. 9.1, after chemo- fusion (c) images show persisting disease, indicative of 
therapy for embryonal rhabdomyosarcoma of the left only a partial response to treatment 
zygomatic region. Axial CT (a), PET (b), and PET/CT 
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Fig. 9.3 A 17-year-old boy with rhabdomyosarcoma of the right anterior tibial muscle. Maximum intensity projection 
(a) and axial PET/CT fusion images (b) of the legs 



Fig. 9.4 A 7-year-old girl presented with turning of the 
left eye and double vision. Her ophthalmologist pre- 
scribed antibiotics. After a week, her chief complaint 
was headache. She had also suffered a nosebleed fol- 
lowed by the sudden loss of vision in her left eye. CT 
scan of the head and paranasal sinuses (a) revealed a 
large irregular infiltrative process involving the base of 


the central skull and the floor of the left middle cranial 
fossa, with intracranial extension into the left orbit and 
left subtemporal fossa. 18 F-FDG-PET/CT (b, c) demon- 
strated a large hypermetabolic mass (SUV = 8.4) in the 
left nasopharynx and extending to the left orbit and left 
ethmoid sinus. Biopsy of the mass suggested an embryo- 
nal rhabdomyosarcoma 



Fig. 9.5 Same patient as in Fig. 9.4; posttreatment evalu- 
ation. The patient received 12 cycles of irinotecan, vincris- 
tine, adriamycin, cytoxan, ifosfamide, and carboplatin 


along with 5,040 cGy of radiation to the primary tumor 
site, (a-c) At the end of treatment, 18 F-FDG-PET/CT 
showed complete resolution of the primary mass 
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Fig. 9.6 A 12-year-old boy presented with dysuria, hesi- 
tancy, dribbling, and urgency while urinating. His pedia- 
trician performed a urine analysis and an ultrasound, with 
the latter showing enlargement of the prostate gland. A CT 
scan of the pelvis showed a large prostatic mass extending 
inferiorly into the base of the penis (a, c). 18 F-FDG-PET7 


CT demonstrated a large heterogeneous hypermetabolic 
mass (SUV 6) of the prostate gland that compressed 
the posterior wall of the urinary bladder (b). Biopsy of the 
mass suggested a high-grade rhabdomyosarcoma of the 
prostate 



Fig. 9.7 Same patient as in Fig. 9.6; posttreatment evalu- 
ation. The patient received 12 cycles of irinotecan, vin- 
cristine, and carboplatin along with 5,040 cGy radiation 


to the primary tumor site, (a-c) At the end of treatment, 
18 F-FDG-PET/CT showed complete resolution of the pri- 
mary mass 
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Fig. 9.8 A 22-year-old girl presented with pain and 
swelling in the left thigh, (a-c) A dedicated MRI of the 
lower extremity showed an 8.0 x 5.7 x 9.0 cm mixed solid 
cystic tumor, a large proportion of which consisted of 
blood fluid levels, located within the vastus intermedius 


muscle of the proximal thigh. Possible focal cortical thin- 
ning and probable slight permeation of the femoral cortex 
subjacent to the tumor were noted. Biopsy showed a spin- 
dle-cell sarcoma, consistent with synovial sarcoma 



Fig. 9.9 Same patient as in Fig. 9.8. (a, b) Axial CT and 
FDG-PET/CT, performed for staging, showed a large 
mixed-attenuation mass in the left vastus intermedius 
muscle with a peripheral rim of mild FDG uptake, central 


photopenia, and a nodular, intensely hypermetabolic solid 
component (SUV = 23.8). There was no evidence of meta- 
static disease elsewhere in the body 
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Fig. 9.10 Same patient as in 
Figs. 9.8 and 9.9. Surgical 
excision of the synovial 
sarcoma was performed, 
together with periosteal 
stripping with prophylactic 
internal fixation of the left 
femur. The patient received 
six cycles of ifosfamide and 
doxorubicin and 6,300 cGy of 
radiation to her left thigh. 

(a, b) The end of treatment 
FDG-PET/CT showed 
resolution of the disease 




9.2 Discussion 

Synovial sarcoma is a common STS in children 
[4, 5], with males and females equally affected. 
Although these tumors mainly occur in the 
extremities, predominantly the lower extremities, 
in rare cases, they originate in the head and neck, 
thorax, or abdomen [5]. For primary staging, 
MRI is the initial imaging modality of choice and 
in particular for planning the surgical approach. 
Chest CT is necessary to assess possible lung 
metastasis [6]. FDG-PET is useful in risk assess- 
ment, in diagnosis, and in assessing response to 
chemoradiation therapy [7] . 
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10.1 Hepatoblastoma 

Liver tumors account for 1-4 % of all solid tumors 
in the pediatric population. Among the subgroup of 
primary liver tumors, 60 % are malignant, with hep- 
atoblastoma (HB) as the most common (1.3 cases 
per million children per year) but also including 
hepatocellular carcinoma (HCC), rhabdomyosar- 
coma, angiosarcoma, rhabdoid tumor, undifferen- 
tiated sarcoma of the liver (USL), and other rare 
tumors [1]. The term “hepatoblastoma” refers to 
a group of liver tumors of embryonal origin [2]. 
They can be divided into pure epithelial and mixed 
(formed by epithelial and mesenchymal compo- 
nents) types depending on their histology [3, 4]. Most 
HBs are sporadic, although familial cases arise 
in association with Beckwith- Wiedemann syn- 
drome, familial adenomatous polyposis and other 
syndromes [5]. The clinical onset is characterized 
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by an abdominal mass, while in advanced disease, 
anorexia and weight loss also may be present. An 
increased serum alpha-fetoprotein (a-FP) concen- 
tration is typical, occurring in 90 % of HB patients 
[6]. Up to 20 % of patients present at diagnosis 
with advanced disease, including secondary lesions 
in the lungs. Brain and bone metastases are less 
frequent and are most often seen during disease 
relapse [2]. At follow-up, increased serum a-FP is 
indicative of disease recurrence and predicts a poor 
prognosis [3]. 

To date, the treatment of choice is neoadju- 
vant chemotherapy, to reduce the mass, followed 
by tumor resection. Patients with unresect- 
able lesions have a poor prognosis [7, 8]. The 
International Society of Paediatric Oncology Liver 
Tumour Group (SIOPEL) recommends neoadju- 
vant chemotherapy followed by delayed surgery. 
Assessment is based on SIOPEL’s PRETEXT 
staging system (PRE Treatment EXTent of dis- 
ease), which considers liver anatomy and radiolog- 
ical findings at diagnosis to predict the feasibility 
of tumor resection and the outcome [9]. Liver 
transplantation has been proposed as an option 
in patients with unresectable tumors [10]. With 
the introduction of these innovative, potentially 
curative strategies, the 5 -year survival rate of HB 
patients has increased from 35 to 75 % in the last 
30 years [9, 10]. 

Conventional imaging techniques to evaluate 
HB include ultrasound (US), computed tomogra- 
phy (CT), and magnetic resonance imaging 
(MRI). US has the advantage that it does not 
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expose children to radiation. In addition, color 
Doppler is very sensitive in assessing tumor 
vascularization. Percutaneous biopsy has been 
successfully performed under US guidance. 
However, anatomic details are much better pre- 
sented by CT [3], which is currently the gold 
standard for the diagnosis, preoperative evalua- 
tion, and follow-up of pediatric liver tumors [11]. 
Its disadvantage is that after liver resection, post- 
operative changes resulting in fibro- 
sis and post-treatment necrosis in the liver are 
frequent and may affect CT accuracy [12]. 
Instead, in this setting, MRI is more sensitive 
than CT in discriminating between disease 


recurrence and postoperative abnormalities, but it 
often requires the child’s sedation such that it is 
reserved for cases of suspected HB recurrence 
[13]. In the literature, there have been a few 
reports on the utility of 18 F-FDG-PET/CT in HB 
[14-19]. Uptake of the 18 F-FDG tracer is thought 
to reflect the ability of HB cells to store large 
amounts of glycogen granules in their cytoplasm 
[20]. Thus far, the main role of 18 F-FDG-PET/CT 
is twofold: disease restaging in patients who have 
undergone chemotherapy and surgery and their 
follow-up (Figs. 10.1 and 10.2). The ability of 
this imaging modality to detect early recurrence 
and metastatic disease has been reported [21]. 



Fig. 10.1 A 3-year-old girl who underwent liver trans- intensity projection (a), axial CT (b, d), and PET/CT 
plantation for mixed hepatoblastoma. PET evaluation (c, e) fusion images show the FDG-avid peritoneal lesions 
following increased serum alpha-fetoprotein. Maximal 
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Fig. 10.1 (continued) 



Fig. 10.2 A 4-year-old boy with hepatoblastoma. PET the liver (a) and lungs (b). The patient was referred for 

evaluation to determine liver transplantation eligibility. chemotherapy 

Axial PET/CT fusion images show FDG-avid lesions in 
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Fig. 1 0.2 (continued) 


1 0.2 Hepatocarcinoma 

As the second most common malignant liver 
tumor in childhood, HCC comprises 35 % 
of all hepatic malignancies in children [22]. 
HCC is histologically divided into classical 
and fibrolamellar types. Fibrolamellar HCC 
is the most frequent histological variation and 
is commonly observed in children and adoles- 
cents [23]. Conditions associated with a high 
risk for HCC development are a- 1 -antitrypsin 
deficiency, Wilson’s disease, hemochromato- 
sis, hereditary tyrosinemia, Fanconi’s anemia, 
familial adenomatous polyposis and Gardener’s 
syndrome [1]. As in HB, a-FP is increased in 
HCC in the majority of patients [24]. Since 
the tumor is chemoresistant, surgical resection 
and liver transplantation (in case of unresect- 
able HCC confined to the liver) are the only 
therapeutic options [25]. At diagnosis, 50 % of 


patients present with metastases [26], mostly in 
the lungs (31 %). Extrahepatic tumor extension 
and vascular invasion are also frequently seen 
(39 %) [27]. The US echogenicity of HCC is 
similar to that of the liver, and the CT character- 
istics are highly variable, either homogeneous 
or heterogeneous, solitary or multifocal, and 
well- or ill defined. While in adults the presence 
of underlying cirrhosis may help in the differen- 
tial diagnosis, it is rare in the pediatric popula- 
tion [28]. CT is generally used to evaluate the 
response to treatment, but it cannot be used to 
estimate tumor viability (Fig. 10.3). 

Several articles on the impact of PET/CT in 
adult HCC have been published, but there are no 
reports on the use of this imaging technique in 
pediatric patients. Lee et al. evaluated 138 adult 
patients with low-grade or high-grade HCC, either 
newly diagnosed or reevaluated after treatment 
(tumor resection, transcatheter arterial chemo- 
embolization, radiofrequency ablation, systemic 
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Fig. 10.3 An 8-year-old boy treated for hepatoblastoma. 
PET evaluation following increased alpha-fetoprotein lev- 
els. Axial CT (a) and CT/PET fusion (b) images show no 

chemotherapy), who underwent 18 F-FDG-PET/ 
CT or conventional imaging modalities [29]. The 
detection rate for lung metastases by 18 F-FDG- 
PET/CT was lower than that obtained with CT, 
and for lesions below 1 cm, it diminished dra- 
matically, probably because of the limited reso- 
lution. In the detection of lymph node lesions, 
by contrast, there were no differences between 
CT and 18 F-FDG-PET/CT. Moreover, 18 F-FDG- 
PET/CT was significantly superior to bone scan 
in patients with bone metastases, depicting all 
bone lesions [29]. 

Talbot et al. [30] compared 18 F-FDG with 
18 F-fluorocholine in the detection and staging of 
HCC in patients with chronic liver disease and sus- 
pected liver nodules. FDG was shown to be signif- 
icantly more sensitive, especially in the detection 
of well-differentiated tumors. Although 18 F-FDG 
was unable to demonstrate focal nodular hyper- 
plasia, it was more sensitive than 18 F-fluorocholine 
for other malignancies. Consequently, the authors 
suggested performing PET/CT with both radio- 
pharmaceuticals as the best option [30]. Another 
study proposed the use of FDG-PET/CT in the 


FDG uptake in a small cardiac lesion seen on CT. The 
patient underwent surgery; the histological finding was 
hepatocarcinoma 

assessment of tumor response and tumor viability 
after interventional therapy (transcatheter arterial 
chemoembolization) but further investiga- 
tions on the benefits of this application are 
warranted [31]. 


10.3 Undifferentiated Sarcoma 
of the Liver 

Undifferentiated sarcoma of the liver is the third 
most frequently occurring hepatic malignancy of 
childhood. Unlike HB and HCC, in this rapidly 
growing tumor [2], a-FP levels are usually normal 
and thus are of no diagnostic relevance. On US but 
also on CT and MRI, USLs are generally large and 
solid in appearance. While FDG-PET has been 
suggested as a valuable method in the evaluation 
of USL patients during postoperative chemother- 
apy, it has yet to be confirmed in the literature 
(Figs. 10.4 and 10.5) [32]. The treatment of choice 
is chemotherapy followed by resection. 
Preferential sites of metastases are the lungs and 
bones [33]. 
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Fig. 10.4 An 8-year-old boy treated for sarcoma of the liver. Coronal CT (a), PET (b), and PET/CT fusion (c) images 
show a large FDG-avid lesion of the right hepatic lobe, corresponding to disease recurrence 
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10.4 Carcinoid 

Derived from neuroendocrine cells, carcinoid 
tumors spread throughout the body, especially to 
the liver (Fig. 10.6), and often produce functional 
peptide hormones. Approximately 56 % arise in 
the gastrointestinal tract followed by the lungs 
(30.1 %), pancreas (2.3 %), reproductive sys- 
tem (1.2 %), biliary tract (1.1 %), and head and 
neck (0.4 %). Primary hepatic carcinoid tumors 
(PHCT) are extremely rare [34]. Neither CT, nor 
MRI is advantageous in the imaging of neuro- 
endocrine tumors (NETs), which are generally 






*. 


better detected by OctreoScan scintigraphy [35]. 
Recent data indicated that higher quality images 
obtained with a shorter acquisition protocol are 
possible with 68 Ga-DOTA-NOC PET/CT than 
with 1 1 lln-DTPA-octreotide [36]. 18 F-FDG-PET 
may be useful for identifying NETs character- 
ized by rapid growth or aggressive behavior, with 
increased tumor uptake of the FDG tracer indica- 
tive of a worse prognosis. Although NETs with 
multiple tumor sites show broad-ranging hetero- 
geneity in tracer uptake, FDG-PET may be able 
to detect unsuspected distant metastases, contrib- 
uting to better staging of advanced disease [37]. 




Fig. 10.6 A 7-year-old boy operated on for carcinoid of 
the terminal ileum. Maximal intensity projection (a) and 
axial and PET/CT fusion images (b) show multiple non- 
homogeneous 18 F-FDG uptake in the right lobe of the 


liver, corresponding to hepatic metastasis. In (a), note the 
FDG uptake by brown fat in the laterocervical, supracla- 
vicular, and axillary regions 


M 

Fig. 10.5 ( a-c) Axial images of the same patient as in num ( red arrow). On axial images, these areas correspond 

Fig. 10.4. The lesion involves almost the entire right lobe to tracer stasis in the catheter reservoir of the central 

of the liver, (d) Maximal intensity projection shows two venous line ( red arrow in c) 
other areas of focal uptake, in the right lung and mediasti- 
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11.1 Introduction 

Neuroendocrine tumors (NETs) are rare neo- 
plasms that arise from the diffuse endocrine sys- 
tem and spread throughout the different organs 
and tissues of the body. A common characteristic 
of this group of tumors is the ability of the neo- 
plastic cells to produce, store, and release bio- 
genic amines and hormones [1, 2]. Among 
children and young adults, NETs comprise a very 
small percentage of malignant tumors, with an 
overall incidence of 0.65 per million in Italy and 
0. 1-0.6 per million in the USA [3-5]. NETs gen- 
erally include neuroblastoma, pheochromocy- 
toma, paraganglioma, gastroenteropancreatic and 
lung carcinoids, medullary carcinoma, and islet 
cell tumors. Less commonly acknowledged 
NETs are Ewing’s sarcoma, benign and malig- 
nant schwannomas, neurofibromas, and primary 
melanomas [3]. The majority of NETs occurring 
in the pediatric population are sporadic, but they 
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are also seen within inherited syndromes, such as 
multiple endocrine neoplasia (MEN) type I and 
II, the Carney complex, neurofibromatosis 1 (NF- 
1), and von Hippel-Lindau (VHL) disease [3]. 

With the exception of more aggressive forms 
of these tumors, NET patients typically have a 
multiyear anamnesis of symptoms. The majority 
of these cases involve hormone-releasing tumors 
whose diagnosis is frequently delayed. In fact, up 
to 10 % of the newly diagnosed NETs in children 
and young adults have already metastasized to 
the liver, bone, etc. [3, 6, 7]. Instrumental imag- 
ing is therefore essential in the initial work-up 
of patients with suspected NETs and is asso- 
ciated with a high probability of true-positive 
findings [8]. 

In this chapter, the principal types of NETs 
seen in children and young adults are discussed. 
Tumors of particular relevance in the pediatric 
population, such as neuroblastoma, Ewing’s sar- 
coma, and neurofibromatosis 1, are discussed 
separately in other chapters of this volume. 


1 1 .2 Pheochromocytomas 
and Paragangliomas 

These two types of NETs have a common origin, 
as both derive from chromaffin cells. In pheo- 
chromocytomas, these are localized in the adre- 
nal medulla, while in paragangliomas, they are 
found in the extra-adrenal sympathetic ganglia 
[1]. Only 10 % of all pheochromocytomas and 
paragangliomas are seen in children, and almost 
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80 % of these tumors secrete catecholamines, 
accounting for the abnormally increased serum 
or urinary levels of their metabolites and for 
symptoms such as headache, palpitations, and 
hypertension [1, 9]. Pheochromocytomas also 
occur as part of several syndromes, including 
MEN types IIA and IIB, VHL, and NF-1 [3]. 

Diagnosis is partially based on laboratory test- 
ing, i.e., 24-h urine sampling to detect the excre- 
tion of catecholamines, metanephrines, and other 
metabolites and serum levels of chromogranin A 
and metanephrines, and partially on morphologi- 
cal and functional imaging. CT and MRI are the 
initial investigations in clinically suspicious 
cases especially when looking for primary pheo- 
chromocytoma, which in 90 % of patients is 
found in the adrenal glands. Functional imaging, 
starting with 123 I-MIBG, 18 F-DOPA, 68 Ga-DOTA 
peptides, etc., is another important tool in the 
detection of NETs and in disease staging [1, 10]. 

In relapsing or advanced pheochromocytomas 
and paragangliomas, a positive MIBG scan is 
indicative of the need for additional systemic 
radiometabolic therapy with 131 I-MIBG [11, 12]. 


1 1 .3 Gastroenteropancreatic 
(GEP) Carcinoid Tumors 

The term “carcinoid” is a rather nonspecific defi- 
nition applied to some NETs arising from the 
enterochromaffin or Kulchitsky cells, which are 
diffusely present in several human epithelia [1, 
13]. The GEP tract is the most common site for 
primary carcinoid in children, with the appendix 
being the most frequent NET site, as 0.5 % of all 
post-appendicectomy specimens are carcinoids 
[6, 14]. According to their site of origin, GEP 
carcinoids are divided into foregut (stomach, first 
part of the duodenum, pancreas), midgut (second 
part of the duodenum, jejunum, ileum, appen- 
dix), and hindgut carcinoids (colon, rectum) 
tumors. In 50-70 % of the cases, large amounts 
of active hormone or bioamines are released, 
resulting in the so-called carcinoid syndrome 
[15]. Typically, these patients present with the 


carcinoid “triad” (flushing, diarrhea, and cardiac 
involvement), mostly related to the release of 
serotonin, tachykinins, and vasoactive peptides 
[16]. Since the hepatic “filter” tends to neutralize 
these molecules, the criteria for the onset of a car- 
cinoid syndrome is either an extra-gastrointestinal 
origin of the primary NET or a GEP carcinoid 
that has already metastasized to the liver [16]. 
Other tumors of the GEP tract that are character- 
ized by hormone release are pancreatic NETs 
(pNETs). They account for almost 30 % of pan- 
creatic tumors in children and young adults [6], 
with gastrinomas and insulinomas as the more 
common types [1]. Gastrinomas are responsible 
for the Zollinger-Ellison syndrome, in which 
patients typically present with peptic ulcers, mal- 
absorption, and diarrhea. Insulinomas, mostly 
seen in older children and adults, determines 
hypoglycemia and must therefore be included in 
the differential diagnosis along with hyperinsu- 
linemic hypoglycemia and congenital hyperinsu- 
linism [17]. Some pNETs occur in the setting of 
inherited syndromes, such as MEN and VHL dis- 
ease, although in these cases, the majority of the 
tumors are nonfunctional [1]. 

Instrumental diagnosis in GEP-NET is a valu- 
able adjuvant to clinical suspicion, but it is more 
useful in the detection of secondary lesions, i.e., 
in liver and bone, rather than primary tumors, 
which can be very limited in size or even disap- 
pear completely. Functional imaging with differ- 
ent PET radiopharmaceuticals and morphological 
imaging with MRI and contrast-enhanced CT 
complement each other and overcome many of 
the limitations of each technique alone at disease 
diagnosis and staging. 

11.3.1 Liver Carcinoids 

This site of neuroendocrine disease is rather con- 
troversial. In some series [6, 18], the liver is the 
second most common site of NET occurrence 
after the appendix. However, it is unclear whether 
these tumors are the primary lesion or a 
metastasis. Functional rather than morphological 
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imaging can be of utmost utility because it offers 
the unique possibility to visualize the entire body 
and to detect, when present, a previously 
unknown primary. 

1 1 .3.2 Lung Carcinoids 

In the pediatric population, pulmonary NET is the 
most common cause of primary lung neoplasia, 
accounting for up to 80 % of cases [18, 19]. The 
lesions typically present as round or oval masses 
close to the main bronchus or in the hilus and are 
thus frequently associated with wheezing, bron- 
chospasm, and atelectasia [6]. Less common is a 
carcinoid syndrome, unless the tumor is particu- 
larly large or has already metastasized to the liver. 
While detection with morphological imaging is 
rather easy, the correct diagnosis is possible with 
functional modalities such as 18 F-DOPA PET, 
68 Ga-DOTA peptides, and other PET and SPECT 
radiopharmaceuticals . 

a 18F-DOPA 

Basal ganglia < 


11.4 PET Imaging 

in Neuroendocrine Tumors 

1 1 .4.1 18 F-Dihydroxyphenylalanine 
( 18 F-DOPA) 

Dihydroxyphenylalanine is an amino acid naturally 
present in the human body, as well as an intermedi- 
ary in the metabolic pathway that leads to catechol- 
amine synthesis (Fig. 11.1) [20]. When labeled 
with 18-fluoride ( 18 F-DOPA), it yields a positron- 
emitting compound that has been widely used in 
clinical practice since the early 1980s [21, 22] to 
image the basal ganglia [23]. 

In oncology, 18 F-DOPA is mostly employed in 
imaging tumors arising from neural crest cells 
and mimicking APUD (amine precursor uptake 
and decarboxylation) cells in their ability to 
accumulate and decarboxylate l-DOPA, as a pre- 
cursor of dopamine [24]. Today, the main appli- 
cation of is in the study of NETs, both primitive 
and metastatic, including carcinoid (Fig. 11.2), 

b 68Ga- DOTANOC 

> Pituitary gland 
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Fig. 11.1 (a, b) MIP (maximal intensity projection) 
images showing the physiological distribution of two 
different PET tracers, respectively, 18 F-DOPA and 
68 Ga-DOTANOC. Along with the normal tissue activity 


marked by the arrows, 18 F-DOPA PET reveals tracer 
stasis in the gallbladder, which is in part masked by the 
activity of the renal cortex 
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Fig. 1 1 .2 Comparison of 18 F-DOPA PET (a, b) and 18 F- 
FDG-PET (c, d) scans in a patient with metastatic carci- 
noid. Note that the 18 F-DOPA-avid lesion visible in the 

GEP tract tumors, glomus tumors, medullary car- 
cinoma of the thyroid, paraganglioma, and pheo- 
chromocytoma [25-29]. 

The diagnostic accuracy of 18 F-DOPA PET in 
these types of neoplasia is very high, surpassing 
other methods of conventional and anatomic 
imaging such as CT and MRI, as well as 
functional scintigraphy with 123 I-MIBG and 
n lIn-octreoscan [30-32] 


liver (c, arrow) does not show tracer uptake in the corre- 
sponding 18 F FDG-PET views (fused axial CT/PET and 
maximum intensity projections) 

The group of neoplasms best evaluated with 
18 F-DOPA PET imaging are NETs that excrete 
large amounts of catecholamines, especially 
pheochromocytomas (Fig. IE 3), in which imag- 
ing sensitivity reaches 90 %, specificity 100 %, 
and accuracy 92 % [31, 32]. However, while 
these results are well documented in adults, the 
experience in children is very limited, although 
the superimposable behavior of these tumors in 
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Fig. 11.3 Pheochromocytoma of the right adrenal gland (arrow), imaged by means of 18 F-DOPA CT/PET. (a) 
Maximum intensity projection, (b) CT, (c) PET, and (d) CT/PET fusion image 


patients of all ages supports the applicability of 
the findings also in the pediatric population. 

1 1 .4.2 68 Ga-DOTA Peptides 

The group of radiopharmaceuticals comprising 
68 Ga-DOTA peptides (-NOC, -TOC, -TATE) includes 
several octreotide analogues, all targeting somatosta- 
tin receptors with variable affinity (Fig. 11.1) [33, 


34]. The rationale for using radiolabeled octreotide 
analogues in NET imaging is the finding that in 
>80 % of the cases, these tumors overexpress soma- 
tostatin receptors (SSTRs) [35, 36]. 

68 Ga-DOTA peptides were first investigated 
for clinical purposes in 2001 [37], immediately 
followed by the development of several promis- 
ing PET tracers [38, 39] for use in the diagnosis 
of primary NETs and in tumor staging (Figs. 1 1 .4 
and 11.5) [34, 40, 41]. Compared to other 
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Fig. 11.4 A bronchial carcinoid at the level of the left lung hilus, imaged by means of 68 Ga-DOTANOC PET/CT. (a) 
Maximum intensity projection, (b) CT, (c) PET, and (d) CT/PET fusion image 


imaging modalities, such as m In- octreotide or 
CT, the diagnostic accuracy of PET with 
68 Ga-DOTA peptides is outstanding, with a 
97-100 % sensitivity and 96-100 % specificity 
[42-46]. 

At staging or restaging, PET with 68 Ga-DOTA 
peptides has a demonstrated capability to detect 
unknown metastases in up to 21.4 % of cases, often 
leading to significant changes in the management 


of these patients [42, 44, 47]. The 68 Ga-DOTA- 
peptide uptake value (SUV max ) correlates with the 
clinical and pathological characteristics of NETs 
and is thus a significant prognostic factor in deter- 
mining patient outcome [48]. 

Very recently, 68 Ga-DOTA peptides were 
investigated in a pediatric population [49]. 
Despite the fact that the series was very small and 
restricted to pheochromocytoma ( n = 6) and 
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Fig. 11.5 68 Ga-DOTANOC PET/CT shows multiple pelvic lymph node metastases deriving from a rectal carcinoid 
( red arrows), (a, b) Axial PET images of the pelvis; (c, d) corresponding low-dose CT 


neuroblastoma (ft = 5) patients, the rather promis- 
ing results open the way to other applications of 
radiolabeled DOTA peptides in children, in 
particular peptide receptor radionuclide therapy 
(PRRT). 

1 1 .4.3 18 F-Fluorodeoxyglucose 

18 F-fluorodeoxy glucose ( 18 F-FDG) is the tracer of 
choice in the imaging of most malignant tumors, 
but its utility in NETs is limited because these 
tumors exhibit relatively low uptake of 18 F-FDG 
as the vast majority of NETs are well differenti- 
ated [50, 51]. However, since tumor aggressive- 
ness is positively associated with FDG-avidity, 
18 F-FDG-PET is advantageous in some types of 


NETs, i.e., those that are histologically dediffer- 
entiated, or to confirm a poor prognosis [52]. 

11.4.4 Other PET Tracers 

Although not yet used in the pediatric population, 
other PET tracers may be of clinical relevance 
when investigating NETs. For example, 
n C-hydroxytryptophan ( n C-HTP) [53] has been 
employed in the imaging of islet cell tumors, as 
has 18 F-fluorodopamine ( 18 F-FDA) [54] and 
n C-hydroxyephedrine ( n C-HED) [55], with very 
good diagnostic capability in pheochromocytoma 
and paraganglioma. However, one of the major 
limits of these radiopharmaceuticals is their 
relatively difficult synthesis and commercial 
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availability, which limit their routine use in clini- 
cal practice. 
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12.1 Introduction 

Neuroblastoma (NB) is a malignant neoplasm that 
originates from neuroectodermal cells of the neural 
crest. During embryonic life, these cells migrate, 
eventually giving rise to the sympathetic ganglia 
and adrenal medulla [1]. In 1864, the German 
physician Rudolf Virchow was the first to define an 
abdominal tumor in a child as a “glioma,” but only 
in 1910 did James Homer- Wright realize that the 
tumor originated from primitive neural cells and 
therefore referred to it as a “neuroblastoma” [2, 3]. 
Homer-Wright also noticed the characteristic 
cellular roundish accumulations visible in samples 
of bone marrow, which were then called Homer- 
Wright “pseudorosettes” [3]. 

NB is the third most frequent pediatric cancer 
(7-10 % of all neoplasias) after leukemia and 
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tumors of the central nervous system but the most 
frequent solid tumor in children younger than 5 
years [4]. The mean age at diagnosis is around 2 
years, with 90 % of the cases diagnosed in children 
under the age of 6 years; it is rare in adolescents 
and in adults [5]. In 40 % of the cases, the NB is 
localized at the level of the adrenal glands, although 
it can develop anywhere in the sympathetic ner- 
vous system: neck (1 %), chest (19 %), elsewhere 
in the abdomen (30 %), or in the pelvis (1 %) [6, 7]. 

The degree of malignancy of the tumor is 
determined by the proportion of cellular and 
extracellular maturation. The most aggressive 
and undifferentiated forms of NB occur in young 
children (average age: 2 years), while the more 
mature forms, represented by ganglioneuroma, 
are usually seen in older children [8]. 

Over the past two decades, there has been 
considerable progress in understanding the biol- 
ogy of NB and in identifying the chromosomal 
alterations of NB cells that correlate with 
prognosis. Amplification of the MYCN oncogene 
was the first molecular NB -specific marker to be 
identified as a predictor of poor prognosis regard- 
less of the child’s age or disease stage. However, 
MYCN amplification occurs only in 20 % of the 
cases; hence, additional molecular markers allow- 
ing a more exhaustive prognostic stratification are 
needed [9, 10]. Chromosomal alterations such as 
lp and llq deletions, trisomy, or polysomy also 
correlate with a poor prognosis [11-13]. 

Usually, the presenting symptoms reflect 
disease location and extent. In some cases, NB 
presents as disseminated disease, without any 
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clinical symptoms. Indeed, in 50-60 % of the 
newly diagnosed patients, the disease is already 
metastatic [6]. The most common sites of metas- 
tases are the bone and bone marrow, often in 
combination with symptoms related to tumor 
dissemination such as fever, anorexia, pallor, 
bone pain, and proptosis [7]. Approximately 
30 % of patients have a positive history of pain, 
whether due to abdominal distension or bone 
metastases, while 11 % present with problems 
of weight gain or even weight loss [14]. Other 
common presenting symptoms are neurologi- 
cal deficits, such as intraspinal tumor growth 
[14], Horner’s syndrome, hypertension, or 
Kinsbourne syndrome (opsoclonus-myoclonus- 
ataxia) [6, 15]. In children with advanced dis- 
ease (stage 4S), there may be skin nodules, 
called “blueberry spots,” or periorbital bruising 
due to NB metastases. Over 90 % of NB patients 
have high levels of catecholamines in the serum 
and urine [15]. Therefore a 24-h urine collec- 
tion is an important test, both for diagnostic and 
follow-up purposes [6]. 

The clinical course is more favorable in chil- 
dren less than 1 year of age and/or with localized 
disease, while in adolescents and adults relapse 
tends to be later and is associated with a poor 
prognosis. 

Patients with stage 1 or stage 2 have an excel- 
lent prognosis, with 5 -year disease-free survival 
(DFS) rates of 85-90 %, while those with stage 
3, stage 4s, and stage 4 have a poor prognosis, 
with DFS rates of 40-60, 60-70, and 15-25 %, 
respectively [16-18]. Relapse occurs mostly in 
the first 2 years after surgery, in the localized 
forms of the disease, or, in case of metastatic 
forms, after the end of treatment. In the first 


postoperative year, attention to symptoms and 
physical examination are the cornerstones of fol- 
low-up, which should also include a complete 
blood count, urinary catecholamines, and an 
instrumental examination. 

The current standard for staging and restag- 
ing NB is metaiodobenzylguanidine (MIBG) 
scintigraphy [19]. MIBG is an analogue of 
norepinephrine that is captured by catechol- 
amine-secreting tumors (both primary and 
metastatic) [6]. For scintigraphy purposes, it 
is labeled with 123 I/ 131 I ( 123 I/ 131 I-MIBG). In 
70-80 % of NB patients, MIBG positivity has 
a high sensitivity (88 %) and specificity (99 %) 
in identifying the presence of the disease [20]. 
Moreover, the method has also been success- 
fully applied in monitoring the response to 
treatment and in determining the utility of 
radiometabolic treatment with 131 I-MIBG 
(Figs. 12.1 and 12.2) [52]. However, NB also 
shows a wide-ranging variability in tracer 
uptake, which lead to false-negative results in 
10 % of the patients. The main reasons for this 
variability likely include (a) modifications of 
active transport and tracer entrapment in tumor 
cells [53, 54], (b) increased levels of catechol- 
amine metabolites [55], (c) the frequent preva- 
lence of necrotic tissue in the primary tumor, 
(d) pharmacological interferences [20, 55], 
and (e) the dose-dependent sensitivity of 
123 I-MIBG [56]. Furthermore, 123 I-MIBG scin- 
tigraphy is carried out using a gamma camera, 
with its obvious limits of resolution. It is also a 
lengthy examination and thus not patient 
friendly. All of these limits have stimulated a 
search for other radiopharmaceuticals, specifi- 
cally, PET tracers. 
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Fig. 1 2.1 (a, b) Whole-body 
123 I-MIBG scan of a patient with stage 
IV neuroblastoma. The scan was 
performed before treatment was 
started 




Fig. 12.2 The same patient as in 
Fig. 12.1. (a, b) This second 
whole-body scan was performed to 
monitor the response to induction 
therapy. The patient obtained a 
complete response (CR). Note the 
residual tracer stasis in the central 
venous catheter (■ CVC ) reservoir 
(arrow in a) 


Post 
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12.2 PET Imaging 

in Neuroblastoma 

12.2.1 Fluorodeoxyglucose 

The principal PET tracer in oncology is undoubt- 
edly 18 F-FDG, and its role in NB has been accord- 
ingly investigated [21-27]. Its most frequent use 
has thus far been in patients with a negative or 
inconclusive 123 I-MIBG scan (Fig. 12.3). In this 
setting, the superior performance of 18 F-FDG- 
PET has proven, based on a sensitivity and speci- 
ficity of 78 and 92 %, respectively, whereas for 
123 I-MIBG scintigraphy, the corresponding val- 
ues are 50 and 75 % [24]. 

18 F-FDG-PET has also been suggested as a 
complementary rather than a substitute exam 
for MIBG scintigraphy in NB staging and treat- 
ment monitoring [21-23]. Its diagnostic use to 
evaluate the response to therapy, especially in 
patients with high-risk, advanced stage disease, 
has been assessed [27]. The FDG-avidity of 
NB tumors increases with their aggressiveness 
and in those with an unfavorable histology, 
such that NB detection with 18 F-FDG-PET is 


feasible and may even be superior to MIBG 
scintigraphy [24]. Further advantages of 18 F- 
FDG-PET are its high resolution, short scan- 
ning period, and patient- friendliness. The 
principal limitations of 18 F-FDG as a tracer for 
NB imaging are its overall low accuracy in the 
detection of disease in the bone and bone mar- 
row, which are common sites of distant metas- 
tasis, the difficult visualization of disease 
occurring in the skull because of the intense 
physiological uptake of 18 F-FDG in normal 
brain, and the reduced capability of 18 F-FDG- 
PET to properly assess the response to therapy 
(Fig. 12.4) [25, 26]. 

Recently, new indications for this imaging 
method have been investigated, mainly based on 
the prognostic role of the FDG-avidity of tumors 
in patients with high-risk NB under consideration 
for 131 I-MIBG therapy [27]. However, in that 
study, 123 I-MIBG was shown to be superior in the 
detection of disease extent (Fig. 12.5). Both 
the SUV max and the FDG-avidity of bone and 
bone marrow metastases were identified as 
adverse prognostic factors (Figs. 12.6, 12.7, 12.8, 
12.9, 12.10, and 12.11). 



J7 


* 

diaper with 
radioactive urine 


Fig. 12.3 18 F-FDG-PET/CT staging in a patient with stage IV neuroblastoma. Note the large tumor in the chest, associ- 
ated with massive bone marrow and multiple lymph node involvement 
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Fig. 12.4 Same patient as in Figs. 12.1, 12.2, and 12.5c, 
d. (a-d) 18 F-FDG-PET/CT staging documents almost all 
disease sites, except the frontal lesion, which is masked 
by the intense physiological uptake of tracer in the brain. 
The red asterisk , seen on the MIP image, points to a tech- 


nical artifact derived from movement during image acqui- 
sition. (e-h) Corresponding coronal and MIP views 
obtained with 18 F-FDG-PET after the end of treatment. 
All previous disease sites now show normal uptake 
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Fig. 12.5 Two different patterns of neuroblastoma detec- 
tion, by means of 123 I-MIBG (a, c) and 18 F-FDG (c, d). 
Images (a, b) were obtained in the same patient. Note the 
extensive bone marrow involvement visible on the MIBG 
scan at the level of the spine, pelvic basin, and both fem- 



* 


1 1 

ora, which is almost undetectable on the 18 F-FDG-PET. 
Images (c, d) were obtained from another patient, during 
staging. Bone and bone marrow involvement of both legs 
is seen both on the 123 I-MIBG scan and on 18 F-FDG-PET 



Fig. 12.6 A 5 -year-old boy treated 3 years earlier for a 
thoracic neuroblastoma, stage IV, not amplified, lp36 
deleted. Following the development of pain in his right leg 
and difficulty walking, he underwent MRI, which showed 
the presence of epidural tissue in the L3-L5 vertebral 


canal. The bone marrow aspiration was negative, urinary 
catecholamines were normal, and 123 I-MIBG scintigraphy 
was negative, (a) MIP; (b) coronal CT, (c) PET, (d) PET/ 
CT fusion images show inhomogeneous 18 F-FDG uptake 
in the left L3-L5 vertebral canal 
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Fig. 12.7 Same patient as in Fig. 12.6. Axial CT and PET/CT fusion images of the intra-canal (a) and extra-canal 
(b) lesion. The patient underwent chemotherapy followed by interleukin-2 and isotretinoin treatment 



Fig. 12.8 Same patient as in Fig. 12.7, after chemother- 
apy. (a) MIP, sagittal (b) CT, (c) PET, (d) PET/CT, and 
(e) coronal PET/CT fusion images show the complete dis- 


appearance of any 18 F-FDG uptake. Note the presence of 
movement artifacts on the MIP and coronal PET images, 
at the level of the neck-thorax 
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Fig. 12.9 Same patient as above, (a) MIP (position cho- 
sen to minimize the intense pain reported by the patient), 
sagittal (b) CT, (c) PET, and (d) PET/CT fusion images 7 


months later show important disease relapse. The intensity 
and extent of 18 F-FDG uptake are greater than in the first 
PET exam, suggesting the aggressiveness of the new tumor 



Fig. 12.10 Same patient as above, now in the lateral vertebra. The lesion involved both the intra- and extra- 
position. (a) CT and (b) PET/CT fusion images show canal areas. The child died 4 months later 

intense and extensive uptake at the level of the 4th lumbar 
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Fig. 12.11 (a, b) A 4-year-old girl with neuroblastoma underwent a PET/CT study for staging. Note the presence of 
calcifications in the pathological mass, typical of this type of disease 


12.2.2 18 F-DOPA 

In NB, the tumors typically produce biologi- 
cally active hormones such as norepineph- 
rine and several of its precursors, including 
dihydroxyphenylalanine (DOPA) and dopa- 
mine [28, 29]. 18 F-dihydroxyphenylalanine 

( 18 F-DOPA), the radiolabeled formulation of 
dihydroxyphenylalanine, is a multivalent mol- 
ecule widely used in the functional imaging of 
neuroendocrine tumors and the best PET alter- 
native to 123 I-MIBG because of its similar ability 
to follow catecholamine metabolism, which is 
increased in NB [30-34]. PET carried out with 
18 F-DOPA has a better diagnostic accuracy than 
either 123 I-MIBG scintigraphy or conventional 
imaging modalities, such as CT and MRI, in the 
study of tumors excreting high levels of catechol- 
amines (Fig. 12.12) [48-51], with a sensitivity 
vs. these latter methods of 90, 65, and 67 %, 
respectively [51]. 

Consequently, several pilot studies have 
recently investigated the role of 18 F-DOPA in NB 
patients. In a cohort of high-risk patients with 
primary /relapsed disease (n= 19), the 18 F-DOPA 
distribution at NB sites was similar to that of 
123 I-MIBG [35], but the accuracy of 18 F-DOPA- 
PET was higher than that of 123 I-MIBG scintigra- 
phy, especially for smaller lesions (<1.5 cm). 
This difference influenced patient management 
and treatment decisions in 32 % of the cases. 


In a direct comparison with morphological imag- 
ing (CT/MRI), 18 F-DOPA-PET performed better 
(Fig. 12.13) [47]. 

While these findings are encouraging, they 
require further validation in larger, multicenter, 
prospective trials. 

12.2.3 68 Ga-DOTATOC 

As with other neuroendocrine tumors, NB tumors 
overexpress somatostatin receptors (SSTRs), 
especially SSTR types 1 and 2 [36, 37]. This 
observation led to studies of m In-pentetreotide 
scintigraphy or somatostatin receptor scintigra- 
phy (SRS) in the assessment of NB [38, 39]; 
however, neither method was superior to 
123 I-MIBG. Instead, complementary roles, based 
on the ability of these methods to provide prog- 
nostic information, were recommended, as a pos- 
itive SRS scan was shown to be a predictor of 
better outcome in NB patients [38, 39]. 

Recently, the use of PET tracers such as 
68 GA-DOTATOC to follow SSTRs in NB has 
been examined [40] . In a limited cohort compris- 
ing pheochromocytoma (ft = 6) and NB (ft = 5) 
patients, the accuracy of 123 I-MIBG scintigraphy 
and 68 GA-DOTATOC PET was investigated. 
According to a lesion-based analysis, the 
sensitivity of 68 GA-DOTATOC and 123 I-MIBG 
for NB was 97.2 and 90.7 %, respectively. 
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Fig. 12.12 Direct comparison of the whole-body 
123 I-MIBG scintigraphy (a, b) and 18 F-DOPA-PET scan (c) 
of the same patient as in Fig. 12.3. Note the superimposable 


pathological distribution of the tracers visible on the two 
imaging modalities (Courtesy of Amoldo Piccardo MD, 
Galliera Hospital, Genoa, Italy) 



Fig. 12.13 18 F-DOPA-PET/CT and fast spin-echo 
T2-weighted MRI scans of the same patient, who pre- 
sented with a thoracic-abdominal neuroblastoma 
(arrows), (a, d, e) Axial and coronal MRI; (b, f) axial 


and coronal 18 F-DOPA-PET images; (c, g) fused PET/CT 
images, axial and coronal views. Note also the important 
PET tracer retention in the excretory system, namely, the 
right renal pelvis, proximal ureter, and urinary bladder 
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Primary NB lesions were better definable in 
68 GA-DOTATOC PET imaging than in 123 I-MIBG 
scintigraphy, suggesting the advantage of the for- 
mer especially regarding the peptide receptor 
radionuclide therapy (PRRT) planning [41]. 
Undoubtedly, this indication for 68 GA-DOTATOC 
must still be thoroughly assessed in children and 
the inclusion criteria precisely delineated before 
this imaging method replaces the already avail- 
able and safe 131 I-MIBG scintigraphy. 

12.2.4 124 I-MIBG 

We conclude by mentioning the potential intro- 
duction of MIBG-labeled with a positron-emitting 
compound, such as iodine- 124. Already used in 
dosimetry, 124 I-MIBG PET may demonstrate the 


effective “revenge” of a molecule (metaiodo- 
benzylguanidine) that, despite investigations of 
alternative compounds, has long made an enor- 
mous difference in the diagnostic and therapeu- 
tic approach to NB patients [42, 43]. A potential 
disadvantage of 124 I-MIBG is the decay scheme of 
iodine- 124, which is rather impure, with the emis- 
sion of both gamma rays and positrons and thus 
their coincidence with annihilation photons [44- 
46]. However, the reported low-quality images 
obtained in preclinical investigations can be 
significantly improved in modern PET/CT scan- 
ners (Figs. 12.14 and 12.15). The main limitation 
remains the absence of clinical studies investigat- 
ing the role 124 I-MIBG PET in NB, which makes 
any statements on its utility mere speculation. 
Dedicated studies in this direction are therefore 
welcome. 
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Fig. 12.14 A 7-year-old boy underwent surgery, chemo- IV (bone metastasis). The coronal 124 I-MIBG PET/CT 
therapy, radiotherapy, and 131 I-MIBG radiometabolic ther- fusion image shows pathological uptake in left iliac (white 
apy (dose 9,975 MBq) for abdominal neuroblastoma stage arrow) 
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Fig. 12.15 Axial 124 I-MIBG PET/CT fusion images 
show pathological uptake in the left iliac bone (a), left 
shoulder blade (b), and right femur (c) 
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13.1 Introduction Clinical Case 


Nasopharyngeal carcinoma (NPC) is a malig- 
nancy of epidermoid origin. It differs from other 
head and neck carcinomas by its unique histolog- 
ical, epidemiological, and biological characteris- 
tics [1]. Even if NPC is a rare malignant tumor 
in childhood, in pediatric patients, it is one of the 
most frequent neoplasms in the nasopharyngeal 
and respiratory tracts [2]. Histologically, NPC is 
nearly always an undifferentiated carcinoma or 
lymphoepithelioma. Its pathogenesis is closely 
related to a preceding infection with Epstein- 
Barr virus (EBV) [3]. NPC that develops in child- 
hood is characterized by not only the advanced 
clinical stage at onset but also the better chances 
of survival of these patients. Several studies, both 
in adult and in children, demonstrated the ability 
of combined therapy (neoadjuvant chemotherapy 
and radiotherapy or concomitant chemoradio- 
therapy) to significantly improve the prognosis 
of NPC patients [3]. 


A 13-year-old HIV-positive boy underwent neck 
ultrasound for a nodular neck swelling. 
Echography revealed bilateral multiple cervical 
lymph nodes up to 2 cm, with the subsequent 
cervical lymph node biopsy showing total efface- 
ment by poorly differentiated large cells, suggest- 
ing a poorly differentiated NPC. The diagnosis 
was confirmed by means of endoscopic evalua- 
tion. The patients were then submitted to MRI and 
contrast-enhanced (ce)-CT scan for staging and to 
a whole-body 18 F-FDG-PET/CT scan for staging 
and radiotherapy planning. The PET/CT scan for 
radiotherapy planning was performed using the 
same rigid bed and restraint aids used in radiother- 
apy treatment. The ce-CT confirmed the presence 
of a right-side nasopharyngeal mass and multiple 
bilateral enlarged necrotic cervical lymph nodes. 
It also revealed an unexpected metastatic lesion in 
the right posterior parietal pleura. These findings 
were confirmed by 18 F-FDG-PET/CT (Fig. 13.1). 
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Clinical Case (continued) 



Fig. 13.1 Baseline 18 F-FDG-PET/CT scan shows intense uptake in the nasopharyngeal primary lesion (a, b, f) as well 
as in multiple bilateral enlarged cervical lymph nodes (c, d) and in a metastatic right pleural lesion (e, g) 
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Clinical Case (continued) 



Fig. 13.1 (continued) 


The patient then underwent two cycles of che- 
motherapy (cisplatin and fluorouracil). His early 
response to chemotherapy was evaluated with 
ce-CT and 18 F-FDG-PET/CT. Both examinations 
highlighted the positive response to chemotherapy. 


However, whereas several cervical lymph nodes 
>10 mm (arrow in Fig. 13.2) and persistent poste- 
rior right pleural thickening were still evident on 
the ce-CT, 18 F-FDG-PET/CT showed a complete 
metabolic response (Fig. 13.2). 
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Clinical Case (continued) 



Fig. 1 3.2 18 F-FDG-PET/CT performed after two cycles of cervical lymph nodes ( black arrow in b) and posterior right 
chemotherapy shows a complete metabolic response of the pleural thickening were still evident on the coregistered CT 
all pathological uptakes (a-e). On the opposite, enlarged images (red arrow in e) 
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Teaching Points 

In children with NPC, an 18 F-FDG-PET- 
based metabolic response after chemother- 
apy has a high sensitivity and specificity in 
evaluating the treatment response and may 
result in the improved management of 
patients with advanced disease [4] . 
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14.1 Introduction 

Thyroid cancer, although uncommon in child- 
hood, represents the most common pediatric 
endocrine neoplasia [1]. Poorly differentiated thy- 
roid cancers are very rare [2]. Currently, whole- 
body PET/CT is approved for use in assessing 
suspected recurrence of well-differentiated thy- 
roid cancer in patients with radioiodine-negative 
scans and detectable thyroglobulin (Tg) levels [3]. 
Evidence is emerging on the advantages of PET/ 
CT imaging in other histological types of thyroid 
malignancy, such as Hurthle cell, medullary, and 
the anaplastic variants. Due to its aggressive 
growth and subsequent significantly elevated glu- 
cose utilization, several case reports have shown 
FDG-PET/CT’s ability to detect both primary and 
metastatic anaplastic thyroid cancer [4] . 


Clinical Case 

Lung abnormalities were detected as an inci- 
dental ultrasound finding in a 17-year-old girl 
who was asymptomatic for pulmonary dis- 
ease. The left lobe measured 6.5 x 3.2 x 3.7 cm. 
Three solid thyroid nodules with scattered 
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calcification were noted, the largest one measur- 
ing 3.3 x 2.0 x 2.8 cm. No suspicious adenopathy 
was reported. Serum calcitonin levels were low. 

After a second evaluation, fine-needle aspira- 
tion was performed. During that time, a nodule 
in the left thyroid doubled in size and another, 
dominant nodule measured 4.9 x 3.3 x 4.3 cm. A 
prominent level 4 lymph node measuring E5 cm 
was detected in the posterior left jugular vein. 
Another lymph node (2.3 cm) was noted on the 
right side. Fine-needle aspiration of the three thy- 
roid nodules on the left side indicated poorly dif- 
ferentiated carcinoma. 

The patient underwent thyroidectomy, bilat- 
eral central neck dissection, and left modified dis- 
section. Pathology reported poorly differentiated 
carcinoma, insular in origin, with extensive necro- 
sis, focal extrathyroidal extension, and vascular 
invasion. Three out of six parathyroid lymph 
nodes were positive for metastasis, with extracap- 
sular extension. On left neck dissection, one of the 
five lymph nodes was positive for metastasis. The 
postoperative course was complicated by bilateral 
vocal cord paralysis, requiring tracheostomy, and 
hypoparathyroidism. Postoperative thyroglobulin 
(Tg) was 0.3 ng/ml, TgAb 25.6, and parathyroid 
hormone <4 (Fig. 14.1). 

She received radioimmunotherapy ( 131 I, activ- 
ity: 155.23 mCi). The post-therapy 131 I scan did 
not show uptake in the lateral neck, lungs, or 
bones. The synthroid dose was adjusted to keep 
TSH suppressed to close to 0.1 ng/ml. 

After 4 months, the patient developed two 
masses in the left neck, which on MRI measured 
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5x3.8 and 3.0 x 2.3 cm (Fig. 14.2). Thyroglobulin 
increased until 27 ng/ml. 

The patient’s disease was considered radio- 
immunotherapy refractory and PET positive 
(Fig. 14.2). She underwent surgery and was 


subsequently treated with 175 meg of syn- 
throid. Her most recent TSH value was 0.03 ng/ 
ml, T4 1.59 ng/ml, and thyroglobulin 0.2 ng/ml, 
and antibodies were undetectable. 



Fig. 14.1 (a-d) The patient underwent PET/CT, which change than malignancy. Otherwise, there were no suspi- 
showed hypermetabolic soft tissue at the tracheostomy cious hypermetabolic lesions 
site. This was more likely an infectious/inflammatory 
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Clinical Case (continued) 




Fig. 14.2 (a-d) The PET/CT study showed a new, hyper- mild FDG uptake associated with a left upper lobe nodule 
metabolic bilobed mass in the left neck that was suspi- seen on CT, possibly malignancy or inflammatory change 
cious for relapse malignancy (SUV max 12.0) and (e-h) 
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Clinical Case (continued) References 



Fig. 14.2 (continued) 


1. Luster M, Lassmann M, Freudenberg LS, Reiners C 
(2007) Thyroid cancer in childhood: management 
strategy, including dosimetry and long-term results. 
Hormones (Athens) 6(4): 269-27 8 

2. Mosci C, Iagaru A (201 1) PET/CT imaging of thyroid 
cancer. Clin Nucl Med 36(12):el80-el85 

3. Juweid M, O’Dorisio T, Milhem M (2008) Diagnosis 
of poorly differentiated thyroid cancer with radioio- 
dine scanning after thyrotropin alfa stimulation. 
N Engl J Med 359:1295-1297 

4. Nguyen BD, Ram PC (2007) PETCT staging and post- 
therapeutic monitoring of anaplastic thyroid carci- 
noma. Clin Nucl Med 32:145-149 


Phylloid Tumor of the Breast 
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Phylloid tumor, formerly called cystosarcoma 
phylloides, is a very unusual neoplasia. It 
accounts for <0.5 % of all breast neoplasms and 
approximately 2.5 % of fibro-epithelial tumors 
[1-3]. Like fibroadenoma, it histologically 
comprises two components, in which connec- 
tive tissue predominates [3-5]. Hodges et al. 
studied the genome of a synchronous fibroad- 
enoma and a phylloid tumor placed in the same 
breast mass and found that both neoplasms had 
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an allelic loss at D7S522. However, in the phyl- 
loid tumor but not in the fibroadenoma, allelic 
losses also occurred at TP53 and D22S264. 
These latter mutations were suggested to be 
involved in the progression of fibroadenoma to 
phylloid tumor [5]. 

Phylloid neoplasias may be benign, border- 
line, or malignant [3]. They are generally seen in 
adult women and only rarely in girls (Fig. 15.1). 
In the study of Bassler and Zahner, 133 tumors 
occurred in the female and only 1 in the male 
breast [6]. In 1998, Blanckaert et al. described 
a case in an 11 -year-old child, in whom the 
tumor presented as a painless, voluminous 
(6-cm diameter), and rapidly growing mass [4]. 
Among the clinical characteristics of phylloid 
tumor is a high local recurrence rate, indepen- 
dent of the tumor’s degree of malignancy [1, 2]. 
Consequently, surgical therapy, either conserva- 
tive or radical depending not only on the tumor 
grade and growth rate but also on the size of the 
neoplasm and the breast, should always consist 
of a complete resection, with tumor-free margins 
[ 1 , 2 , 6 ]. 
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Fig. 15.1 A 14-year-old girl treated for Hodgkin’s lym- 
phoma. Maximum intensity projection (a) and axial CT 
and PET/CT fusion images (b) show moderately intense 
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Wilms' Tumor 
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Wilms’ tumor (WT), also called nephroblas- 
toma, is the most common renal cancer in child- 
hood, accounting for 90 % of all renal cancers in 
children and 6 % of all pediatric cancers [1]. WT 
arises from a mutation of the WT1 gene on chro- 
mosome 11 (locus llpl3). The WT1 protein is a 
transcription factor that plays a role in the 
embryonic development of the kidneys and 
gonads. However, the genetics underlying WT 
expression seems to be multifactorial, and other 
mutations, on chromosomes 1, 12, and 8, have 
been recognized [2]. 


Several imaging techniques are currently avail- 
able for the staging and follow-up of WT, including 
abdominal ultrasound [3], chest radiograph [4], CT 
[5], and MRI [6]. Both 18 F-FDG-PET/CT and diffu- 
sion-weighted imaging (DWI) with MRI have been 
proposed as tools to obtain additional information on 
WTs, in the staging of these tumors, in the assess- 
ment of treatment response, and in surgical and 
radiotherapy planning (Figs. 16.1 and 16.2) [6, 7]. 

Multimodality treatment for WT includes che- 
motherapy, surgery, and radiotherapy, with 5 -year 
survival rates >80 % reported [8]. 
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Fig. 16.1 A 3-year-old girl treated for Wilms’ tumor. show an 18 F-FDG- avid lesion at the upper pole of the right 

Coronal (a-c) CT, PET, and PET/CT fusion images kidney, corresponding to disease recurrence 

together with an axial (d) CT and PET/CT fusion image 
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Fig. 16.2 A 3 -year-old boy treated for Wilms’ tumor. 
Axial CT of the abdomen (a) and chest (b) and PET/CT 
fusion images show the extensive pathological involvement 
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Adrenal gland cancers refer to a heterogeneous 
group of neoplasms involving the cortex and 
adrenal medulla [1]. They include adenoma, 
myelolipoma, pheochromocytoma, metastases, 
adrenocortical carcinoma, neuroblastoma, and 
lymphoma [2]. Exact statistics on their incidences 
are not available [3]. Neuroblastoma is the most 
common extracranial solid tumor of childhood 
and accounts for 8 % of all cancers in the pediatric 
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population [1, 4]. Adrenocortical carcinoma and 
pheochromocytoma, by contrast, are very rarely 
seen in children [5, 6]. Adrenal masses are cur- 
rently evaluated by means of CT and MRI, which 
are of high sensitivity (>90 %) but low specificity 
[7]. The primary role of FDG-PET is to differenti- 
ate benign from malignant adrenal neoplasms [1] 
and to monitor the response to therapy (Figs. 17.1, 
17.2, and 17.3) [8]. 
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Fig. 17.1 A 9-year-old boy treated for adrenal gland carcinoma. Axial CT with lung window (a), PET (b), and PET/ 
CT fusion (c) images show nonhomogeneous FDG uptake in the right lung, corresponding to a metastasis 





Fig. 17.2 Same patient during treatment with imatinib for 
disease relapse in the abdomen. Axial CT with abdominal 
window (a), PET (b), and PET/CT fusion (c) images show 
extensive nonhomogeneous FDG fixation in the (right) 


abdomen (i white arrow in c). The area without FDG metab- 
olism corresponds to the necrotic component of the lesion 
( yellow arrow in c) 
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Fig. 17.3 A 3 -year-old boy with adrenal gland carci- 
noma. Maximum intensity projection (a) and CT and 
PET/CT fusion images (b, c) show different aspects of the 
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Ovarian teratoma, also called dermoid cyst of the teratomas (Figs. 18.1 and 18.2) [1]. The long-term 
ovary, is a bizarre, usually benign tumor in the survival of patients with mature teratomas is 
ovary that typically contains a diversity of tissues, good, whereas in those with immature teratomas, 
including hair, teeth, and bone. Collectively, tera- long-term survival following surgery only is 
tomas constitute half of all pediatric ovarian neo- related to tumor grade and especially to the 
plasms, and 1 % of these are malignant immature contribution of neural elements. 
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Fig. 18.1 A 12-year-old girl with a positive biopsy for 
malignant ovarian teratoma. Maximum intensity projec- 
tion (a) shows diffuse pathological FDG uptakes in the 


pelvis and upper abdomen. Axial abdominal window CT 
and PET/CT fusion images (b) show the FDG-avid lesions 
in the pelvis 
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Fig. 18.2 Same patient, (a-c) Axial abdominal window CT and PET/CT fusion images show diffuse subglissonian (a), 
peritoneal (b), and peri-splenic (c) FDG-avid lesions 


Teaching Point 

In patients with suspected malignant tera- 
toma, 18 F-FDG-PET/CT may help in the 
accurate diagnosis and staging, similar to 
its use in other malignant diseases, allow- 
ing a more aggressive multimodality treat- 
ment [2, 3]. 
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Part IV 


Neurology 


Role of Amino Acid PET Tracers 
in Pediatric Brain Tumors 



Arnoldo Piccardo and Giovanni Morana 


Brain tumors are the most common solid 
neoplasm in children, accounting for 20-25 % of 
all primary pediatric malignancies. Despite the 
steady and considerable improvement in the 
prognosis of pediatric patients with brain tumors, 
current therapies still carry a high risk of side 
effects, especially for the very young [1]. Central 
nervous system (CNS) tumors remain the principal 
cause of cancer mortality in children [2]. 

Childhood brain tumors display a high patho- 
logical heterogeneity regarding the type of tumor, 
the overall incidence, and the outcome, all of 
which vary with patient age. Whereas most brain 
tumors in adults are gliomas (#70 % malignant 
anaplastic astrocytoma and glioblastoma), a sig- 
nificant portion of pediatric brain tumors consist 
of medulloblastoma, pilocytic astrocytomas, 
ependymomas, and craniopharyngioma [3, 4]. 
Supratentorial tumors are more common in the 
first 2 years of life and again in adolescents, 
whereas infratentorial neoplasms are frequently 
seen in children between 3 and 1 1 years of age. 
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Another major difference from the adult 
population is the known prevalence of primitive 
intra- axial tumors, whereas extra- axial and sec- 
ondary neoplasms are distinctly uncommon [5]. 

The treatment of children with CNS tumors 
is challenging and requires an integrated mul- 
tidisciplinary approach that brings together 
different disciplines, including neurosurgery, 
neuro-oncology, diagnostic imaging, neuropa- 
thology, and radiation medicine. Surgical resec- 
tion is the first-line treatment option and is a 
significant prognostic factor in the management 
of several pediatric CNS tumors. When complete 
surgical removal is not possible, biopsy or partial 
debulking is an alternative, followed by adjuvant 
therapy consisting of either radiotherapy, chemo- 
therapy, or both. For malignant brain tumors (e.g., 
medulloblastoma, malignant glioma) and some 
lower-grade tumors, adjuvant therapy is admin- 
istered even if a complete resection is achieved 
because of concerns about residual microscopic 
disease. Thus, surgery in combination with che- 
motherapy and/or radiotherapy is the mainstay of 
treatment for many pediatric brain tumors [6-8]. 

Advances in neurosurgical techniques, radio- 
therapy planning, and novel chemotherapeutic s 
have paralleled the increasing demand for non- 
invasive diagnostic techniques. In this respect, 
diagnostic imaging plays a key role in determin- 
ing the most appropriate treatment strategy and 
then in following its efficacy. Conventional MRI 
with gadolinium-based contrast agents is the cur- 
rent imaging modality of choice and provides 
excellent anatomic and morphological imaging 
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of brain tumors. However, it suffers from certain 
limitations in distinguishing tumor from tumor- 
like pathology and in defining tumor type and 
grade, nor does it always allow the precise delin- 
eation of tumor margins. It also does not readily 
differentiate between true tumor and treatment- 
induced changes, such as “pseudoprogression” or 
“pseudoresponse,” especially in the early phase of 
treatment monitoring. Furthermore, conventional 
MRI does not provide information about the bio- 
logical activity of the disease, thus limiting its 
clinical usefulness in therapeutic decision-making 
[9-13]. There is an urgent need for novel imaging 
biomarkers that allow a more precise evaluation 
of brain tumors, including tumor diagnosis but 
also treatment planning, response to treatment 
assessment, and posttreatment surveillance. 

Very little research has been published regard- 
ing the role of PET in pediatric neuro-oncology. 
Recent studies have suggested that 18 F-FDG- 
PET is useful in the evaluation of brain tumors in 
children [14] as it complements MRI and can 
identify sites of metabolically active disease. 
However, there are also important limitations of 
18 F-FDG-PET imaging. Because of the high rate 
of physiological glucose metabolism in normal 
brain tissue, the detection of tumors with weak 
FDG uptake, such as low-grade tumors and, in 
some cases, recurrent high-grade tumors, is dif- 
ficult. 18 F-FDG uptake in low-grade tumors is 
usually similar to that in normal white matter, 
while uptake in high-grade tumors may be less 
than or similar to that in normal gray matter, thus 
decreasing the sensitivity of lesion detection. 
Overall, the principal role of 18 F-FDG-PET thus 
far is in prognosis determination. In fact, an asso- 
ciation between tumor tracer uptake and patient 
outcome has been reported [14-17]. 

A growing body of evidence suggests that 
PET carried out with amino acid tracers increases 
the diagnostic accuracy of brain tumor evalua- 
tion. Increased radiolabeled amino acid uptake 
in brain tumors correlates with their increased 
use of amino acids for energy, protein synthesis, 
and cell division, associated with the overexpres- 
sion of amino acid transporter systems, and pro- 
vides an estimate of tumor growth and vitality. 
Amino acid analogues such as 1 ^-methionine 


and 18 F-DOPA has advantages over 18 F-FDG in 
the metabolic imaging of brain tumors because of 
the high uptake of these alternate tracers in tumor 
tissue and their low uptake in normal brain tissue. 
In addition, as these tracers are taken up by active 
transport mechanisms, neither the visualization 
nor the characterization of brain tumors depends 
on the status of the blood-brain barrier, such that 
the labeled amino acids are taken up by enhancing 
as well as non-enhancing tumors. The impact of 
1 ^-methionine PET in adults is well established 
and has been shown to improve the clinical man- 
agement of patients with gliomas. Specifically, 
1 ^-methionine PET yields important clinical 
information on newly diagnosed tumors (high 
diagnostic accuracy and determination of tumor 
extent in high- and low-grade gliomas), directly 
influencing biopsy planning, surgical treatment, 
and radiotherapy planning [18]. This approach 
can also be used to assess tumor response after 
radiotherapy or chemotherapy and in this setting 
is better than other imaging modalities [18]. 

In pediatric brain tumors, few data on the 
role 1 'C-methionine PET are currently available. 
A recently published study [19] focusing on chil- 
dren with incidental brain lesions showed that 

I 'C-methionine PET had a much higher sensitivity 
and specificity than MRI in the detection of tumor 
tissue and malignant tumors. According to the 
authors, 1 ^-methionine PET can have a significant 
impact on the surgical treatment of these patients. In 
particular, a more conservative approach is possible 
for new brain lesions without tracer uptake vs. more 
aggressive treatment of those exhibiting intense 

I I C-methionine uptake [19]. 

A number of second-generation amino acid 
tracers labeled with radioisotopes of longer half- 
life are under active development. Among these, 
18 F-DOPA has shown promise as a tracer for 
brain tumor imaging, with a high sensitivity 
for gliomas (96 %) and providing excellent 
visualization of low- and high-grade lesions 
(Figs. 19.1, 19.2, 19.3, and 19.4) [17]. 18 F-DOPA 
is an amino acid PET tracer similar to 
other 18 F-labeled radiopharmaceuticals, such 
as 0-(2-[ 18 F]fluoroethyl)-L-tyrosine, l- 3-[ 18 F]- 
fluoromethyltyrosine, or 1 ^-methionine [20]. 
18 F-DOPA uptake in brain tumors is essentially 
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Fig. 19.1 Recurrent ganglioglioma in an 8-year-old girl, 
(a) Sagittal Gd-enhanced T1 -weighted image; (b) 
18 F-DOPA-PET/MRI fusion image. There is a focal, 
rounded, contrast-enhancing lesion in the inferior frontal 


gyrus ( thin arrow in a) with elevated 18 F-DOPA activity 
(thin arrow in b). Normal tracer uptake in the adjacent 
striatum (open arrow in b) is seen as well 



Fig. 19.2 Gliomatosis cerebri in a 10-year-old boy. (a) 
Axial fluid attenuated inversion recovery (FLAIR) image; 
(b) 18 F-DOPA-PET/MRI fusion image. There is an 

the same as that of 1 ^-methionine [21, 22], 
which to date is the most frequently used radiola- 
beled amino acid in brain tumors. Becherer et al. 
compared these two different amino acid PET 


extensive diffusely infiltrating lesion involving the right 
cerebral hemisphere (a) with heterogeneous, increased 
tracer uptake (b) 

tracers in adults and found that 18 F-DOPA and 
1 ^-methionine images matched in all cases, 
showing all lesions as hot spots with higher 
uptake than in the contralateral aspect of the 
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Fig. 1 9.3 Suspected brain tumor on MRI in a 12-year-old 
boy. (a) Axial FLAIR image shows a focal lesion within 
the left frontal white matter {open arrow ) suspicious for a 


brain tumor, (b) 18 F-DOPA-PET/MRI fusion image shows 
a lack of tracer uptake {open arrow). No neoplastic tissue 
was demonstrated after stereotactic biopsy 



Fig. 19.4 Anaplastic astrocytoma in a 17-year-old boy. 
(a) Axial FLAIR image shows a periventricular expan- 
sive/infiltrating lesion with involvement of the left parietal 


cortex, (b) 18 F-DOPA-PET/MRI fusion image shows het 
erogeneous, increased traced uptake 




19 Role of Amino Acid PETTracers in Pediatric Brain Tumors 


161 


healthy brain [22]. The major advantage of 
18 F-DOPA over 1 ^-methionine is its longer half- 
life, which enables its widespread use without the 
need for an on-site cyclotron [23]. In children, 
the use of 18 F-DOPA to image catecholamine- 
producing tumors and in congenital hyperinsulin- 
ism is well established; however, the diagnostic 
impact of this tracer in pediatric brain tumors is 
thus far largely unexplored [24-27]. Only two 
children (one with pilocytic astrocytoma and 
another with ependymoma) have been evaluated 
with 18 F-DOPA by Tripathi et al. in 2009 [28]. 

We recently studied a pediatric patient with 
malignant transformation of ganglioglioma 
treated with bevacizumab and were able demon- 
strate the significant contribution of combined 
multimodal MRI and 18 F-DOPA-PET in the early 
diagnosis of tumor “pseudoresponse” and non- 
enhancing tumor progression [29]. Anti- 
angiogenic agents, especially those targeting 
vascular endothelial growth factor, such as beva- 
cizumab, are increasingly used in pediatric 
patients with high-grade tumors. Previous studies 
in adults demonstrated that the differentiation 
between brain tumor response and tumor progres- 
sion following treatment with bevacizumab poses 
a complex diagnostic challenge. This monoclonal 
antibody produces a dramatic decrease in the con- 
trast enhancement of the lesion on conventional 
MRI, a phenomenon called “pseudoresponse.” 
The prefix “pseudo” refers to the fact that the 
imaging change reflects restoration of the blood- 
brain barrier rather than a true tumor response. 
Despite this stably reduced or absent contrast 
enhancement, patients can develop neurological 
worsening, with an increase of T2/FLAIR MRI 
abnormalities on follow-up studies, in keeping 
with a pattern of non-enhancing but progressive 
disease. Since an objective criterion for non- 
enhancing tumor progression is currently unfea- 
sible, these patients must be closely and repeatedly 
followed until a confident disease evaluation is 
possible, as this will significantly influence deci- 
sion-making regarding treatment continuation or 
discontinuation. 

Our results suggest that 18 F-DOPA-PET imag- 
ing in patients treated with anti-angiogenesis 
agents deserves further investigation to evaluate 


the potentially promising role of this novel imag- 
ing modality [29]. Overall, on the basis of our pre- 
liminary experience in pediatric patients with brain 
tumors, the results obtained with 18 F-DOPA con- 
firm previous data from adults [30] in terms of the 
impact of this tracer on patient management and/or 
treatment decisions. Further investigations with 
larger series are thus also needed to validate the use 
of amino acid PET tracers in improving diagnostic 
accuracy, monitoring dynamic changes within 
brain tumors during therapy, and establishing 
whether (and if so, how and when) these radiola- 
beled amino acids should become a critical part of 
the clinical management of pediatric patients with 
brain tumors. Correlation with MRI data is manda- 
tory for an accurate interpretation of PET results 
and thus a close collaboration between neuroradi- 
ologists and nuclear medicine physicians. Greater 
efforts within the diagnostic imaging community 
should be directed at improving the integration of 
information obtained by different imaging modali- 
ties in order to overcome their respective limita- 
tions. The result will be a more robust tool in the 
crucial evaluation of pediatric brain tumors. 

Teaching Point 

Amino acid PET tracers have an impor- 
tant role in adult brain tumors, influenc- 
ing treatment management. The overall 
diagnostic accuracy of these tracers for 
brain tumor evaluation is higher than that 
of 18 F-FDG [17]. Tumor detection and 
grading, biopsy, radiotherapy planning, 
posttreatment monitoring, and the evalu- 
ation of recurrent disease are among the 
most important applications [18]. Although 
few data are available on the role and 
impact of these newly developed tracers 
in pediatric brain tumors, 1 ^-methionine 
and 18 F-DOPA have thus far shown great 
promise based on their ability to add use- 
ful diagnostic information to clinical and 
conventional MRI data. To further increase 
their diagnostic role, a correlation between 
the results obtained with these tracers and 
MRI findings is mandatory. 
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and Maria Consuelo Valentini 


18 F-FDG PET in the evaluation of patients sus- 
pected of having a brain tumor include grading, 
localization for biopsy, differentiation of radia- 
tion necrosis from tumor recurrence, therapeutic 
monitoring, and assessment for malignant trans- 
formation of low-grade glioma. 

18 F-FDG-PET imaging of brain tumors pres- 
ents unique challenges because of the high 
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background glucose metabolism of normal gray 
matter structures. Coregistration of the MRI or 
CT and FDG-PET images is essential for accu- 
rate evaluation of brain tumors. Together with 
delayed imaging acquisition, it improves the 
accuracy of interpretation and would be per- 
formed routinely. 
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Metabolic Characterization 
of Brain Lesions 


Case 1 

In 1993, the distinct pathological entity known as 
dysembryoplastic neuroepithelial tumor (DNET) 
was entered into the WHO classification of brain 
tumors as a grade I tumor of neuroepithelial 


origin [1-3]. On neuroimaging, DNETs are 
cortical lesions with little mass effect and a predi- 
lection for the temporal lobes (Figs. 20.1 and 
20.2). On computed tomography, DNETs are 
typically well-demarcated, hypodense, cortical 
lesions that in some cases cause a deformation of 
the overlying skull. Magnetic resonance images 
often show a solid and cystic mass, with the cys- 
tic portions appearing slightly more intense than 
cerebrospinal fluid. 



Fig. 20.1 A 16-year-old girl with a dysembryoplastic images show no significant radiotracer accumulation by 
neuroepithelial tumor (DNET) and partial seizures. the right temporal lesion ( yellow arrow in a) 

Sagittal (a) and axial (b) 18 F-DOPA-PET/MRI fusion 
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Case 1 (continued) 



Fig. 20.2 Same patient. Axial 18 F-FDG-PET/CT (a) and lesion). On brain window CT, the lesion is well demarcated 
PET/MRI (b) fusion images show no significant radio- and hypodense (yellow arrow in a) 
compound fixation in the temporal lesion (low metabolic 
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Case 2 



Fig. 20.3 A 5 -year-old boy with headache, otalgia, dip- 
lopia, and strabismus, ataxic, (a, b) Sagittal and coronal 
MRI shows a large lesion of the pons that has caused its 
dimensional increase. The lesion appears inhomogeneous, 


with a parenchymal part and hemosiderin deposits. A glial 
tumor was suspected, but a vascular origin could not be 
excluded 



Fig. 20.4 Same patient as in Fig. 20.3. Axial PET/MRI fusion images (a, b) show the 18 F-FDG-avid lesion in the pons 
(highly metabolic lesion); neurological view 
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Case 2 (continued) 






Fig. 20.5 Same patient as above. Sagittal (a-c) and axial is a photopenic area, indicating necrosis or hemorrhage, 
(d-f) CT (a, d), PET (b, e) and PET/CT fusion (c, f) The high FDG accumulation suggests an aggressive 
images show an intense FDG accumulation in the pons lesion; neuroradiologic view. The patient died 2 months 
(SUV max 6. 19), above the cortex. To the right of the lesion later 
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Teaching Point tumor and low grade and benign, e.g. vascu- 

18 F-FDG-PET can be used in the differen- lar, lesions 
tial diagnosis between high serial glial 


Case 3 



Fig. 20.6 An 11 -year-old girl underwent liver transplan- 
tation 6 years earlier due to biliary atresia. Following a 
loss of consciousness, she was evaluated by MRI. Axial 
T1 (a) and T2 fast spin-echo (b) sequences show a supe- 
rior frontal gyrus lesion, with a large edema component, 


surfacing the cortex. Spectroscopy and perfusion analysis 
showed an increase in the Cho/Cr ratio, a decrease in the 
NAA/Cr ratio, and an increase in relative cerebral blood 
volume (rCBV) 
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Case 3 (continued) 


a 



Fig.20.7 (a) Maximum imaging projection (MIP) and 
(b) axial PET/CT fusion images show the FDG-avid 
lesion in the left frontal lobe. On the MIP, note the photo- 


Teaching Point 

Ganglioglioma is the second most common 
cause of spinal cord tumors in children [4]. It 
arises from ganglion cells in the central nervous 
system and most often occurs in the temporal 


penic area surrounding the highly metabolic component 
of the lesion due to edema. The patient underwent sur- 
gery. The Ending was ganglioglioma 


lobe, but it can develop anywhere in the brain 
or in the spinal cord. Gangliogliomas are gen- 
erally benign tumors, composed of transformed 
neuronal and glial elements, with rare malig- 
nant progression of the glial component. 
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Differential Diagnosis: Recurrent High-Grade Brain Tumor 
and Radionecrosis 


Case 1 



Fig. 20.8 A 16-year-old underwent surgery and radio- therapy shows dubious disease relapse ( white arrow in a), 
therapy 8 months earlier for right parietal anaplastic 18 F-FDG-PET/CT (b) does not demonstrate pathological 
oligoastrocytoma. The MRI (a) during temozolomide uptake. The final diagnosis was radionecrosis 
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Case 2 



Fig. 20.9 A 9-year-old boy underwent surgery 2 years 
earlier for right temporal anaplastic astrocytoma and was 
treated with temozolomide. (a) Axial T1 sequence MRI 
shows signal alteration extending to the amygdala and the 


posterior portion of the para-hippocampus, (b) Axial 18 F-FDG- 
PET/CT fusion image confirms the suspected disease 
relapse, showing intense focal uptake within the medial 
part of the surgical cavity 
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Case 3 



Fig. 20.10 A 9-year-old girl underwent surgery and 
radiotherapy 4 years earlier for a left frontal ependymoma 
grade II. Axial T1 sequence MRI after gadolinium injec- 
tion shows a small nodule along the posterior profile of 
the surgical cavity ( red arrow). Disease recurrence or 
radionecrosis was suspected 



Fig. 20.11 Same patient as in Fig. 20.10. Axial brain 
window PET/CT fusion images at one (a) and four (b) 
hours after tracer injection do not show any pathological 


FDG accumulation corresponding to the signal alteration 
seen on the MRI. The patient is off therapy and has been 
free of disease for 2 years 
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Case 4 



Fig. 20.12 A 5 -year-old girl who 2 years earlier under- 
went surgery, chemotherapy, and radiotherapy for ana- 
plastic astrocytoma of the pons and cerebellum. Following 
the development of diplopia, she was evaluated by MRI, 
based on a suspicion of disease recurrence. Spoiled gradi- 
ent recalled (SPGR) sequence MRI after gadolinium (a) 
injection shows irregular impregnation of the residual tis- 


sue at the brainstem on the left side, with cystic and/or 
necrotic areas. The axial 18 F-FDG-PET/CT fusion image 
1 h after tracer injection (b) shows a mild nonhomoge- 
neous increase of radiocompound uptake in the brainstem 
(white arrow), with a photopenic left lateral area indica- 
tive of the cystic or necrotic component 



Fig. 20.1 3 Same patient as in Fig. 20. 12. Axial brain window CT (a) and PET/CT (b) at 4 h after FDG injection. Note 
the improvement in the visual analysis on delayed image. The lesion is better rendered ( white arrow ) 
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Teaching Point at 1 h after FDG injection is negative or 

It is advisable to repeat a delayed acquisi- doubtful, 
tion at a later time point when the image 


Case 5 



Fig. 20.14 A 3 -year-old treated for a right parietotempo- 
ral pineal germinoma underwent restaging for suspected 
disease recurrence. Two different levels of axial brain 
window PET/CT images show two small areas of FDG 


uptake, indicative of relapse. Note the large photopenic 
area due to the previous round of therapy and recent intra- 
lesional bleeding 
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Case 6 



Fig. 20.15 A 16-year-old with suspected systemic dis- 
ease recurrence following treatment for T-cell lympho- 
blastic lymphoma. Following episodes of vomiting and 
headache extending from the left parietotemporal area to 
the upper part of the lower jaw, she underwent MRI. Axial 


T1 -weighted imaging after gadolinium injection (a) 
shows signal attenuation involving the left cavernous 
sinus and cranial nerve V ipsilaterally. The PET/CT 
fusion image (b) confirms disease recurrence in the brain 



Fig. 20.16 Same patient as in Fig. 20.15. Axial bone which the III branch of cranial nerve V passes. This find- 
window CT (a), PET (b), and PET/CT (c). Note the small ing correlated with the clinical signs of pain in the upper 
area of FDG uptake in the left oval foramina, through branch of the lower jaw 
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Case 7 



Fig. 20.17 A 9-year-old girl treated surgically for cere- sequence shows the FDG-avid lesion involving the right 
bellar medulloblastoma underwent 18 F-FDG evaluation for cerebellar peduncle, pons, and olfactory bulb 
suspected disease relapse. Axial PET/CT fusion image 
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Case 7 (continued) 



Fig. 20.1 8 Same patient after repeat surgery, (a) CT, (b) PET, and (c) PET/CT fusion images 
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PET/CT in the Clinical Evaluation 
of Pediatric Epilepsy 



Valentina Garibotto, Maria Isabel Vargas, 
Margitta Seeck, and Fabienne Picard 


21.1 Introduction 

FDG-PET is a well-established functional 
imaging modality in the evaluation of pediatric 
patients with epilepsy [1, 12]. While ictal scans 
can be useful, the long duration required to 
reach steady-state glucose uptake (on the order 
of many minutes compared with partial seizures, 
which usually last <2 min) often leads to scans 
that contain a difficult-to-interpret mixture of 
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interictal, ictal, and postictal states. In addition, 
the practical realization of an ictal FDG-PET 
study requires the coordination of radiotracer 
availability with the ictal event, which is diffi- 
cult to assure. Consequently, ictal PET studies 
are rarely performed, and ictal SPECT perfu- 
sion studies are preferred instead. However, if 
ictal injection is feasible, ictal PET images may 
clearly depict the cortical area responsible for 
the epileptic event (Fig. 21.1). 
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Presurgical FDG-PET scans in epilepsy 
patients are typically obtained when the patient 
is in the interictal state, with the goal of detect- 
ing focal areas of decreased metabolism, i.e., 
relative hypometabolism, as these presumably 


reflect focal functional disturbances of cerebral 
activity associated with epileptogenic tissue. 
Nonetheless, the specific cause of hypometabo- 
lism in and near epileptogenic regions of the 
brain remains unclear [3]. 



Fig. 21.1 A 5 -year-old girl with Rasmussen’s encephali- administered during a seizure and shows, with very high 
tis and partial seizures since the age of 3 years, (a) Axial spatial resolution and excellent image contrast, the 
PET image, (b) PET/MRI fusion. FDG was fortuitously involved cortex in the left hemisphere 
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21 .2 FDG-PET in Temporal Lobe 
Epilepsy 

The value of FDG-PET has been best proven in 
the evaluation of medically refractory epilepsy 
patients who are candidates for surgery, specifi- 
cally those with clinically suspected temporal 
lobe epilepsy. In this setting, the sensitivity of 
FDG-PET is between 80 and 90 % [1-4]. Only 
a few studies have addressed the sensitivity and 
specificity of FDG-PET in medial temporal 


lobe epilepsy patients with and without evi- 
dence of hippocampal sclerosis on MRI. 
However, FDG-PET is still considered to be 
reliable in lateralizing the epileptogenic tempo- 
ral lobe even in MRI-negative patients, as 
shown in Fig. 21.2 [5]. Of course, MRI tech- 
niques are constantly evolving, and new 
sequences and new analytical approaches may 
one day allow the identification of focal altera- 
tions in cases previously considered to be “MRI 
negative.” 



Fig. 21.2 A 13 -year-old boy with partial complex epi- temporal pole. A repeated MRI investigation identified an 
leptic seizures, (a) Coronal PET image, (b) MRI image. area of probable cortical dysplasia. A left anterior tempo- 
MRI does not show any clear abnormality, while on the ral lobectomy was planned 
PET image, there is marked hypometabolism in the left 
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21 .3 FDG-PET in Extratemporal 
Epilepsy 

The clinical value of FDG-PET in neocortical 
epilepsy is less clear. The larger reported series 
consist of observational retrospective studies, 
and only a few were performed in the era of 


advanced MRI techniques [1, 6]. Most impor- 
tantly, the FDG-PET findings in nonlesional 
neocortical epilepsy are often obtained from het- 
erogeneous patients and patient groups. An 
example of the FDG pattern in a specific syn- 
drome such as tuberous sclerosis is provided in 
Fig. 21.3 [7]. 



Fig. 21.3 A 5 -year-old girl who at the age of 5 months hypometabolic on FDG-PET imaging. However, these 
was diagnosed with tuberous sclerosis and generalized imaging modalities do not allow localization of the lesion 
epileptic seizures, (a) Axial MRI, (b) PET/MRI fusion, generating the epileptic seizures. Instead, promising 
and (c) PET images. The PET/MRI fusion images show results were obtained using a-[ u C]methyl-L-tryptophan 
multiple cortical lesions in the two hemispheres, typically (AMT), a tracer specific for the serotonergic system 
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In tuberous sclerosis typically FDG-PET 
shows hypometabolism in and around tubers, 
believed to be due to decreased neuronal num- 
ber and simplified dendritic pattern. A tuber 
with a disproportionately large area of hypome- 
tabolism compared with its size on MR images 
is most likely epileptogenic [8]. However, both 
epileptic and nonepileptic tubers show reduced 
uptake on FDG-PET, while promising results 
have been obtained using a tracer specific for 
the serotonergic system, the oc-[llC]methyl-l- 
tryptophan (AMT). AMT- PET shows increased 
AMT uptake interictally in epileptic but not qui- 
escent tubers in almost two-thirds of children 
with tuberous sclerosis and intractable epilepsy: 
all tubers with at least 10% AMT increase were 
found to be epileptogenic [11]. 

Co-registered multimodality imaging may 
provide other supportive localizing information 
confirming that a questionable PET metabolic 
abnormality is indeed a true disturbance reflec- 
tive of the epileptogenic zone, thus emphasizing 
the added value of imaging fusion or hybrid 
imaging, when available [9, 13, 14]. 


21 .4 Other PET Tracers 

Many tracers have shown promising results in the 
molecular imaging of epilepsy, especially those tar- 
geting the GABAergic system ( 11 C-flumazenil), the 
serotonergic system ( n C-WAY and a- n C-methyl- 
L-tryptophan), the dopaminergic system, the gluta- 
matergic system, nicotinic receptors, adenosine 
receptors, and opioid-based ligands. However, 
these tracers, mostly based on carbon- 1 1 chemistry 
and on the availability of an on-site cyclotron, are 
still limited to dedicated research centers, and their 
description is beyond the scope of this chapter. The 
results obtained with these tracers were recently 
summarized in two reviews [10, 11, 12]. 
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Epilepsia Partialis Continua 



Silvia Morbelli 


22.1 Introduction 

Epilepsia partialis continua (EPC) is a rare form 
of focal status epilepticus. The clonic jerks can 
affect any single muscle or muscle group or 
extend to widespread muscular involvement [1]. 
Electrophysiological studies have demonstrated 
electroencephalography (EEG) abnormalities, 
including giant somatosensory-evoked potentials 
that prove the cortical origin of the muscle jerks [2]. 
In childhood, the most frequent cause of EPC 
is Rasmussen’s encephalitis [3], but vascular, 
immune-mediated, neoplastic, or metabolic- 
toxic causes have also been described [4] . In case 
of hyperglycemia-induced EPC, the status epi- 
lepticus may cease following the normalization 
of blood glucose levels, although there are reports 
of its evolution into drug-resistant epilepsy [5]. 


22.2 Clinical Case 

Type 1 diabetes mellitus was diagnosed in a 
3-year-old boy following an episode of diabetic 
ketoacidosis (polyuria, polydipsia, and weight 
loss). After 5 months of unsatisfactory meta- 
bolic glycemic control despite intensive insulin 
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replacement, he developed continuous myoclonic 
jerks of the left hand and arm, with partial attenu- 
ation during sleep. Despite intensive anticon- 
vulsive drug therapy (carbamazepine, valproic 
acid, ethosuccimide, clobazam), focal seizures 
persisted in the following years. Given the drug 
resistance of the disease, surgical treatment was 
proposed when the child reached 1 1 years of age. 
EEG and MRI were performed to localize the 
epileptic focus, thus guiding surgical treatment. 

EEG showed abnormal theta-delta rhythms 
together with spike-wave abnormalities over the 
right frontotemporal cortex. The MRI showed 
hypotrophy and mild hyperintensities of both 
hippocampi, suggesting mesial temporal sclero- 
sis, without clear lateralization. 

Since the results of the MRI scan were incon- 
clusive, the brain 18 F-FDG-PET with simultane- 
ous EEG recording was proposed in order to 
localize the epileptic focus. 

The EEG recorded during the 30 min of FDG 
uptake during the PET scan showed repeated 
episodes of the above-described abnormalities 
(Fig. 22.1). Accordingly, the brain FDG-PET 
scan was considered as “ictal.” The PET-derived 
information shown in Fig. 22.1 supported the 
EEG evidence and helped to guide surgery. 
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Fig. 22. ! Transaxial FDG-PET scan slices show a hypermetabolic focus in the right temporal mesial cortex ( black arrow) 
and hypometabolism in the ipsilateral lateral and posterior temporal cortex (intra-hemispheric diaschisis, red arrows ) 


Teaching Point 

In patients who are candidates for the 
surgical treatment of epilepsy and whose 
MRI study is inconclusive, the brain 18 F- 
FDG-PET may provide relevant informa- 
tion about the site and side of the epileptic 
focus. Simultaneous EEG recording dur- 
ing the FDG distribution time is manda- 
tory. The epileptic focus will appear as a 
hypermetabolic site in the unusual case 
of ictal PET (as in the case described 
above) and as a hypometabolic area dur- 
ing an interictal (i.e., in the absence of a 
sustained epileptic discharge as seen on 
EEG) acquisition. 
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Brain 18 F-FDG-PET/CT Imaging 
in Hemolytic Uremic Syndrome 
During and After the Acute Phase 



Riccardo Benti and Angelina Cistaro 


Hemolytic uremic syndrome (HUS) is a multi- 
systemic disease clinically characterized by ure- 
mia, thrombocytopenia, and hemolytic anemia. 
It is the most common cause of acute renal fail- 
ure in children between 1 and 4 years of age [1]. 
Besides the kidneys, the central nervous system 
(CNS) is clinically involved in 20-50 % of HUS 
patients. Common signs of severe CNS injury are 
seizures, alteration of consciousness, hemipa- 
resis, visual disturbances, and brainstem symp- 
toms. Acute mortality rates are 4-10 %. 

The pathogenesis of typical HUS (90 % of 
pediatric cases) is related to gastrointestinal 
infections caused by Shiga-toxin-producing 
Escherichia coli (e.g., E. coli 0157:H7). Two 
main mechanisms have been postulated to 
explain the brain damage reflecting the neuronal 
and endothelial cytotoxicity of Shiga toxin seen 
in HUS -associated microangiopathy: gray matter 
injury and/or diffuse endothelial damage, with 
complement activation, resulting in perivascular 
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edema and thrombotic vasculitis. These events 
can also occur when endothelial damage evolves 
to induce the gross activation of platelets in larger 
terminal arteries, leading to acute ischemic occlu- 
sion with important ischemic damage and a poor 
prognosis [2, 3]. 

Morphological brain imaging, i.e., CT [4] and 
MRI [5], and MRI parametric imaging [6] show 
structural changes in the basal ganglia, cerebel- 
lum, thalami, and brainstem in 20-60 % of HUS 
patients with clinically severe CNS involvement. 
The clinical resolution of HUS -related neurologi- 
cal symptoms and signs often precedes the com- 
plete normalization of these imaging patterns, such 
that their long-term prognostic value is debated. 

Functional imaging of brain perfusion/ 
metabolism has only rarely been applied in 
HUS. However, we have found that in patients 
in the acute phase of HUS who do not exhibit 
the main neurological symptoms, 18 F-FDG-PET/ 
CT shows mild to discrete reductions in cortical 
metabolism in the posterior cortex of the cerebral 
hemispheres. Specifically, there is a significant 
and diffuse/symmetric impairment of perfusion/ 
metabolism in the posterior cortex and cerebel- 
lum, with minor impairment of the basal ganglia 
and recovery after clinical healing. In addition, a 
mild increase in FDG uptake is seen in subcortical 
gray matter in some cases. A focal/asymmetric 
pattern of cortical hypoperfusion/hypometabo- 
lism in HUS seems to be associated with the 
presence of relevant neurological symptoms/ 
signs in the acute phase. PET studies carried out 
after clinical resolution (1-12 months later) show 
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perfusion/metabolism recovery in the previously 
affected areas, albeit with the persistence of a sig- 
nificant degree of functional cerebellar hypome- 
tabolism (Figs. 23.1, 23.2, 23.3, 23.4, and 23.5). 

Our PET results are consistent with both 
models of brain injury suggested in HUS: 
(a) mild/symmetric and long-time reversible 


involvement of the gray matter in most patients 
(metabolic injury) and (b) further focal/asym- 
metric cortical involvement in patients with rel- 
evant neurological symptoms in the acute phase 
and different recovery patterns of perfusion/ 
metabolism in gray matter (thrombotic focal 
vascular damage). 





Hypometabolism in HUS 
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Hypermetabolism in HUS 




SPMfT ) 




Fig. 23.1 Statistical parametric mapping ( SPM) data in 
five HUS patients without neurological symptoms (paired 
data t test): acute vs. late PET studies. Volume-of-interest 
(VOI)-based analyses of PET data were performed by 
comparing serial PET studies; processing included the 
normalization of PET brain volumes to 3D templates 


(SPM). The normalized brain volumes were analyzed for 
regional specific FDG uptake, with SPM2 processing 
applied using the analysis of acute vs. recovery PET/CT 
studies. Hypometabolic regions are shown in blue and 
hypermetabolic regions in red 
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Fig. 23.2 PET/CT brain imaging in an 8-year-old boy. 
The 18 F-FDG-PET study (Biograph TruePoint PET/ 
CT, Siemens, Erlangen, Germany) was conducted 
40-60 min after intravenous 18 F-FDG administration 
(100-120 MBq). Low-dose CT sections of the head were 


used for attenuation correction. The 18 F-FDG-PET study 
was performed on day 3, during acute HUS without neu- 
rological symptoms (a); on day 12, during acute HUS 
with neurological symptoms (b); and 3 months later, after 
clinical resolution (c) 
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Fig. 23.3 18 F-FDG-PET studies on day 3, during acute 
HUS without neurological symptoms (a); on day 12, 
during acute HUS with neurological symptoms (b); and 3 


months later, after clinical resolution (c). The studies are 
compared with those in a healthy adult and were normal- 
ized to the Scenium brain volumetric template 
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Fig. 23.4 18 F-FDG-PET studies (Biograph TruePoint 
PET/CT tomograph, Siemens, Erlangen, Germany) in a 
4-year-old girl during acute HUS (a) and 3 months later 
(b). (c, d) 18 F-FDG-PET study in the same patient 


during acute HUS (c) and 3 months later, after clinical 
resolution (d), compared to the findings in a healthy 
adult and normalized to the Scenium™ brain volumetric 
template 
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Fig. 23.5 18 F-FDG-PET study (Biograph TruePoint 
PET/CT tomograph, Siemens, Erlangen, Germany) in a 
7-year-old boy during acute HUS (a) and 3 months later, 
after clinical resolution (b). 18 F-FDG-PET study in the 


same patient during acute HUS (c) and 3 months later, 
after clinical resolution (d) compared to the findings in a 
healthy adult and normalized to the Scenium brain 
volumetric template 
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24.1 Introduction 

Inflammatory bowel diseases (IBDs) are mul- 
tifactorial chronic diseases resulting from the 
complex interaction of genetic, immunological, 
and microbial factors [1]. They involve the gas- 
trointestinal tract and comprise two related enti- 
ties: Crohn’s disease (CD) and ulcerative colitis 
(UC). The incidence of IBDs in children (<18 
years of age) reported in the past decade varies 
between 1 and 9 per 100,000 for CD and between 
0 and 5 per 100,000 for UC. The two forms of 
IBD can be differentiated by their inflammatory 
patterns. UC is characterized by chronic inflam- 
mation of the colonic mucosa; the rectum is pri- 
marily involved, but the disease may also extend 
into proximal colonic segments in a continuous 
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fashion. CD may involve any segment of the gas- 
trointestinal tract, but it most commonly affects 
the distal small bowel and terminal ileum. The 
inflammation associated with CD can be lim- 
ited to the intestinal mucosa or involve the entire 
thickness of the bowel wall. CD is further char- 
acterized by “skip” lesions, consisting of inflam- 
matory lesions with normal mucosa between 
affected segments [2, 3]. 

The symptoms of IBD correlate with the 
relapse and remission of disease activity and 
with the involved segment of the intestinal tract. 
In addition, patients with CD or UC may have 
extraintestinal manifestations. Current manage- 
ment of the two diseases is similar and is aimed 
at controlling the inflammation and in maintain- 
ing symptom remission using medical therapy. 
Surgery is useful for the treatment of complica- 
tions, which include fulminant colitis, abscesses, 
fistulas, strictures, and cancer [2, 3]. 

IBDs are usually diagnosed based on a 
detailed patient history, physical examination, 
laboratory tests, and radiological studies includ- 
ing CT, MRI, ultrasonography, and endoscopic 
evaluation. A challenge for clinicians in the 
management of IBD is to determine whether the 
patient’s symptoms are related to inflammation 
in the intestinal tract or to complications such 
as fibrotic strictures. A noninvasive test able to 
detect active inflammation in the intestinal tract 
would therefore be useful in the evaluation and 
management of IBDs [3, 4]. In this respect, the 
use of nuclear imaging technologies in the diag- 
nosis and management of IBDs is ever increasing. 
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18 F-FDG-PET and PET/CT have been proposed 
as noninvasive imaging methods to assess the 
extent, location, and activity of IBDs in adult and 
pediatric patients [5-9] . 


Clinical Case 

A 12-year-old boy with a clinical history of 
IBD, previously treated, suffered symptom 
relapse after a period of clinical remission, sug- 
gesting disease reactivation. Since bowel stric- 
tures hampered a complete endoscopic 
evaluation, disease activity and extent were 
evaluated by a 18 F-FDG-PET/CT study. The 
resulting scan showed diffuse and intense radio- 
pharmaceutical uptake in the large bowel, indic- 
ative of active IBD (Fig. 24.1). 



Fig. 24.1 The maximum intensity projection 18 F-FDG- 
PET image shows diffuse and intense radiopharmaceuti- 
cal uptake in the large bowel 


Teaching Point 

18 F-FDG-PET/CT may be a useful nonin- 
vasive tool for identifying and localizing 
active intestinal inflammation, not only in 
adult but also in pediatric patients with 
IBD. Even if 18 F-FDG-PET/CT currently 
does not replace conventional studies, this 
functional approach may be useful when 
conventional studies either cannot be per- 
formed or fail to be completed. 
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In children, appendicitis is the most frequent 
pathology causing an acute abdomen and requir- 
ing surgical treatment [1, 2]. Its incidence is 
higher among preadolescents/adolescents and 
young adults, whereas it is uncommon in 
preschool-aged children (<5 years old) [1]. 

The etiology and pathogenesis of appendicitis 
are unclear although various conditions have 
been suggested as causative, such as obstruction 
of the appendiceal lumen by a fecalith, hyperpla- 
sia of the lymphoid follicles in the appendiceal 
wall, primary bacterial and viral infections, or 
even blunt abdominal trauma and ischemia of 
the appendix [1, 3]. A diet low in fiber and high 
in refined carbohydrates, a genetic predisposi- 
tion, and type I hypersensitivity reactions also 
have been implicated in the pathogenesis [1]. 
Yet, while appendicitis is a very common and 
well-known disease, its diagnosis is frequently 
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difficult, as demonstrated by the high rate of 
negative laparotomies reported in several studies 
[2, 4, 5]. 

To aid in the diagnosis of appendicitis and 
thereby guide therapeutic decision-making, 
numerous scores have been developed over the 
years, based on clinical and laboratory parame- 
ters such as neutrophilic leukocytosis [2, 4, 5]. In 
2008, the Appendicitis Inflammatory Response 
(AIR) score was introduced. It considers, besides 
the usual parameters, another diagnostically 
important laboratory measurement: C-reactive 
protein [5]. Both white blood cell count and CRP, 
despite their low specificity, have a high sensitiv- 
ity and positive predictive value in the diagnosis 
of acute appendicitis. Together they result in a 
significant specificity (~70 %) [6]. 

A timely and correct diagnosis is important 
when appendicitis is suspected, not only to avoid 
unnecessary surgery (and consequent associated 
morbidity and hospital costs) in patients negative 
for the disease but also in positive cases to prevent 
the potentially life-threatening complications 
(perforation, evolution to a gangrenous form) that 
can result from a diagnostic delay [7, 8]. 

Consequently, there is increasing use of non- 
invasive imaging exams such as ultrasonogra- 
phy, MRI, and CT, which are of high accuracy in 
the diagnosis of appendicitis and alternative 
causes of abdominal pain [7, 8]. As for PET, 
there have been few studies on its role in the 
detection of appendicitis. Some of them reported 
high 18 F-FDG uptake in the right iliac fossa, sub- 
sequently related to the presence of appendicitis, 
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as an incidental finding during exams to deter- 
mine or evaluate malignancies [9, 10]. 

This avid uptake of 18 F-FDG by inflammatory 
lesions is problematic and misleading in the dif- 
ferential diagnosis of tumors (Fig. 25.1) [11, 12]. 
Accordingly, familiarity with the normal pattern 
and physiological variations of 18 F-FDG distribu- 
tion and with clinical data relevant to the patient 
can aid in correctly diagnosing appendicitis [11]. 
To reduce the likelihood of false-positives, stud- 
ies have been conducted in which the behaviors 
of 18 F-FDG and other radiolabeled PET tracers 


(e.g., amino acids) was compared; their higher 
specificity for tumor diagnosis was reported [11, 12]. 
Another option is to use a dual-phase 18 F-FDG 
scan, as the SUV significantly increases in 
tumors over time but decreases in inflammatory 
lesions [11, 12]. 

Nonetheless, the high resolution of PET (espe- 
cially when combined with CT or MRI) together 
with the high concentration of 18 F-FDG taken up 
by inflammatory tissues makes PET a potentially 
useful tool in the earlier detection of appendicitis 
and other abdominal inflammatory diseases [11]. 



Fig. 25.1 A 12-year-old boy treated for acute lymphoblastic leukemia, t(12;21) positive. CT (a), PET (b), and PET/CT 
fusion (c) images show FDG accumulation in the right abdomen, corresponding to appendiceal inflammation 
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Spondylodiscitis is an inflammatory pro- 
cess involving the vertebral bodies and the 
cartilaginous disks between them. It is gen- 
erally caused by microorganisms, most com- 
monly Staphylococcus aureus , followed by 
Kingella kingae and other, rarer bacteria [1-4]. 
Involvement of the spine generally occurs by 
hematogenous spread from the site of primary 
infection [1]. Spondylodiscitis is rare in child- 
hood and mostly affects toddlers (0-3 years old), 
probably because of a more copious blood supply 
to the cartilaginous disks [5, 6]. Unfortunately, in 
these very young patients, the diagnosis is dif- 
ficult as the children are unable to describe their 
symptoms and may be uncooperative [3, 6]. 
Moreover, the clinical course can be insidious, 
with uncertain laboratory results and negative 
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radiographs [4, 6]. The most commonly affected 
site in toddlers is the lumbar region, such that the 
children may present with back stiffness, refusal 
to sit or walk, limping, increased irritability or 
crying, gait disturbances, or back or abdominal 
pain [3,4]. An MRI study is generally fundamen- 
tal to reach a correct and early diagnosis, which is 
crucial in order to avoid the severe complications 
that require surgical treatment, such as epidural 
abscess and spinal cord compression along with 
vertebral bone destruction and spinal instability 
[1, 4, 5]. In addition, PET/CT with 18 F-FDG is a 
very useful tool in the early diagnosis of spondy- 
lodiscitis and in evaluating the response to treat- 
ment, based on, for example, comparisons of the 
SUV max determined in exams performed before 
and after antibiotic therapy [7, 8]. 
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Fig. 26.1 A 12-year-old girl with spondylodiscitis was 
evaluated in a PET study, performed while she was on anti- 
biotic therapy. Sagittal (a, b) and axial (c) CT and PET/CT 
fusion images with bone window show inhomogeneous 


FDG uptake corresponding to the intervertebral disk 
between the tenth and eleventh vertebrae. Antibiotic treat- 
ment was continued 


Teaching Point 

PET and MRI are of similar accuracy in the 
diagnosis of spondylodiscitis, supporting the 
use of PET when MRI findings are doubtful or 
the exam is not possible [9]. PET is more 


accurate and more specific than MRI in assess- 
ing the therapeutic response of spondylodisci- 
tis and in some cases is preferable to MRI in 
the determination of when medical treatment 
can be safely discontinued. 
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An acute traumatic fracture can be present with a Nevertheless, FDG-PET/CT is useful in 
level of 18 F-FDG uptake generally considered differentiating some rare benign form of bone 
indicative of neoplasm. It is important to recog- disease, such as eosinophilic granuloma, from 
nize that increased FDG-PET activity in bone more aggressive manifestation, 
should not be accepted as definitive evidence of 
neoplastic or metastatic disease. 
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Fig .27.1 A 13 -year-old boy suffered a traumatic fracture 
of the left superior articular process of the fifth vertebra 
while playing football. Coronal (a-c), sagittal (d-f), and 


axial (g-i) CT with bone window (a, d, g), PET (b, e, h), 
and PET/CT fusion (c, f, i) images show focal FDG 
uptake corresponding to the fracture site 



Fig .27.2 A 15-year-old boy underwent a PET evaluation (c) images show 18 F-FDG uptake in the left anterior iliac 
during chemotherapy for Hodgkin’s lymphoma, stage III. spine ( yellow arrow in a). The diagnosis was a traumatic 
Axial bone window CT (a), PET (b), and PET/CT fusion fracture subsequent to bone marrow biopsy 
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Fig. 27.3 An 11-year-old girl was admitted for dorsal sagittal (b) bone window CT shows a lytic lesion in the 
pain, without trauma. Bone scintigraphy showed an accu- sixth dorsal vertebra {yellow arrow in b), with pathologi- 
mulation in the fifth and sixth vertebrae. Axial (a) and cal findings in the left paravertebral soft tissues 



Fig. 27.4 T1 MRI (a) conducted for suspected bone frac- 
ture, probably secondary to bone marrow disease such as 
lymphoproliferative conditions (yellow arrow in a). 
Alternatively, an eosinophilic granuloma was considered. 
The patient was referred to our center for metabolic charac- 


terization of the bone lesion and to search for other metaboli- 
cally active areas, more accessible to biopsy and with lower 
risk of late-onset damage. The PET/CT (b, c) study shows 
an inhomogeneous lesion with low metabolic activity in the 
sixth dorsal vertebra, confirming the second hypothesis 
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Teaching Point 

It is important to consider that although 
eosinophilic granuloma is usually a benign 
form of bone disease, in rare cases, it may 
be the presenting manifestation of the more 
serious, multifocal, Langerhans cell histio- 
cytosis. In these patients, the prognosis is 
more guarded. 
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Fig. 27.5 Same patient as in Fig. 27.4. Sagittal T1 MRI 
follow-up at 3 months showed stabilization of the lesion 
and an area of tissue thickening, indicative of a reparative 
process {yellow arrow) 
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Pulmonary aspergillosis is the most frequent 
clinical manifestation of the infection caused by 
Aspergillus spp. in immunosuppressed patients. 
Several conditions have been identified as risk 
factors for the development of the disease, all of 
which either substantially promote exposure to 
fungal spores or compromise the patient’s 
immune system. Among the various risk factors, 
severe and persistent neutropenia and impaired 
cell-mediated immunity are the most important. 
Consequently, individuals at highest risk of 
developing aspergillosis are those with acute 
myeloid leukemia and other malignant diseases 
as well as recipients of hematopoietic stem cell or 
solid-organ transplants [1,2]. 

Aspergillus spp. are the second most com- 
mon cause of invasive fungal infections (IFIs) in 
children, after Candida spp. infections. Within 
the past 20 years, the incidence of IFIs has 
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considerably increased, paralleling the improved 
quality of treatment and survival rate of immu- 
nocompromised patients [3]. IFIs are associated 
with high morbidity and mortality, which can 
mainly be attributed to the difficulties and delays 
in diagnosing their occurrence [3, 4]. A favorable 
prognosis in affected patients therefore largely 
depends on early diagnosis as well as timely and 
correct pharmacological treatment [4, 5]. 

Today, IFIs are detected based on clinical 
signs, laboratory tests, and radiological exams. 
The definitive diagnosis relies on the microbio- 
logical findings from cultures and/or biopsies, 
but these methods are characterized by their low 
sensitivity, especially in the earlier phases of 
infection [4] . A useful laboratory test is the detec- 
tion of galactomannan antigen in biological flu- 
ids [5]. Among imaging exams, chest X-rays and 
CT can provide important diagnostic informa- 
tion. CT findings include the “halo sign,” i.e., a 
ground-glass opacity surrounding a nodule or 
mass. However, this radiological finding has a 
low specificity because it is seen not only in IFIs 
but also in other infections and in several nonin- 
fectious diseases [6]. Moreover, the “halo sign” 
does not allow discrimination between infections 
caused by Aspergillus fumigatus and those due to 
other invasive molds [7]. 

Nuclear medicine contributes significantly to 
the detection of invasive aspergillosis. Among 
the many radiopharmaceuticals proposed for this 
purpose is 67 Ga-citrate, although its use is limited 
by its unfavorable pharmacokinetics and failure 
to distinguish between infections and malignant 
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diseases. Other radiotracers have been studied, 
such as 99m Tc-labeled poly ethyleneglycol lipo- 
somes, 99m Tc-interleukin-8, 99m Tc-fluconazole, 
and 99m Tc-antimicrobial peptides such as ubiqui- 
cidin, but none has demonstrated significant 
specificity for aspergillosis [4]. 

The need for sensitive and specific radio- 
compounds has led to the development of an 


m In-labeled cyclic peptide targeting Aspergillus 
fumigatus. ni In-DTPA-c(CGGRLGPFC)-NH(2) 
was shown to be taken up in significantly higher 
amounts in the lungs of mice infected with the 
fungus than in those of healthy mice, but clinical 
trials are still needed [8]. 

PET with 18 F-FDG, despite its low specificity 
because it follows glucose metabolism, remains 



Fig. 28.1 An 8 -year-old boy treated for Epstein-Barr- 
virus-associated hemophagocytic lympho-histiocytosis 
complicated by aspergillosis. Coronal (a-c) and axial 
(d-f) CT with lung window (a, d), PET (b, e), and PET/ 


CT fusion (c, f) images show mild FDG accumulation 
corresponding to the aspergillosis lesion in the lower lobe 
of the right lung. On the coronal PET/CT fusion image 
(c), note the splenic and bone marrow activation 
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Fig. 28.2 A 5-year-old girl who underwent hematopoietic 
stem cell transplantation for T-cell immunodeficiency 
syndrome. Seven days after transplantation, she developed 
a fever. Axial CT (a), PET (b), and PET/CT fusion 

a promising tool in the initial diagnosis and staging 
of active invasive fungal infection. According to 
a recent prospective study of 30 patients with IFIs 
(ten with acute invasive aspergillosis) [9], 18 F-FDG 
uptake in all fungal lesions previously identified 
by CT and/or MRI was higher than in noninfected 
tissues [9]. In addition, preclinical evaluations in 
mouse models demonstrated the high sensitivity 
of the new PET radiotracers specific for aspergil- 
losis. These compounds are low molecular mass 
iron chelators, termed siderophores, and they are 
used by Aspergillus fumigatus in iron acquisition, 
which is fundamental for the growth and viru- 
lence of the fungus. Triacetylfusarinine (TAFC) 
and ferrioxamine E (FOXE), both labeled with 
68 Ga, showed high focal uptake that corresponded 
to the pathological findings in infected lung tis- 
sue seen on CT [4] . 
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29.1 Introduction 

Tuberculosis is a common, and in many cases 
lethal, infectious disease caused by Mycobacterium 
tuberculosis. The bacterium is transmitted by 
aerosol (e.g., coughing) and infected individuals 
usually present with respiratory symptoms. While 
pulmonary TBC is the most common presenta- 
tion, the infection can spread to virtually any tis- 
sue or organ of the body, either by hematogenous 
or lymphatic dissemination or contiguity. TBC 
remains a major worldwide cause of morbidity 
and mortality. In addition, the incidence of non- 
tuberculous mycobacterial infections, especially 
Mycobacterium avium intrace llulare complex 
(MAC), is increasing [1]. 

Despite various improvements in imaging 
technology, surgical resection is still required to 
differentiate malignant from benign lesions, such 
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as mycobacteriosis, in a significant number of 
patients. Sputum culture and radiological exami- 
nations are not useful as tools in diagnosing latent 
and active disease or for monitoring the response 
to therapy in patients with bacillus-unproven 
mycobacteriosis (including smear-negative pul- 
monary and most cases of extrapulmonary myco- 
bacteriosis) [2]. 

While 18 F-FDG-PET and PET/CT are sensi- 
tive techniques in oncological imaging, it is well 
known that inflammatory and infectious lesions, 
including mycobacteriosis, can cause false-posi- 
tive results at 18 F-FDG-PET [3-5]. Macrophages, 
lymphocytes, neutrophil granulocytes, and other 
inflammatory cells as well as fibroblasts avidly 
take up 18 F-FDG, especially under active condi- 
tions [4]. Both lymphocytes and especially mac- 
rophages are intensely present at sites of active 
TBC. 
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Clinical Case 

A 13-year-old girl with history of Hodgkin’s 
lymphoma, previously treated, underwent 
18 F-FDG-PET/CT for disease restaging. The 
18 F-FDG-PET/CT scan showed multiple areas 
of increased radiopharmaceutical uptake in 
the thoracic and upper abdominal regions, 
corresponding to several lymphadenopathies, 
multiple bilateral pulmonary nodules, and mul- 
tiple hypodense areas in the liver (Fig. 29.1). 


These PET findings were strongly suggestive of 
neoplastic disease. The patient underwent liver, 
pulmonary, and thoracic lymph nodal biopsy. 
Histology of the biopsy specimens showed the 
presence of granulomatous disease without 
neoplastic cells. Laboratory data revealed the 
presence of TBC infection. Consequently, the 
final diagnosis, made on the basis of radiologi- 
cal and laboratory data, was active TBC. The 
patient was treated with an antimycobacterial 
agent. 



Fig. 29.1 Maximum intensity projection 18 F-FDG-PET 
image (a) shows multiple areas of increased radiopharma- 
ceutical uptake in the thoracic region and in the upper 
abdomen (arrows). The axial CT (b), PET (c), and PET/CT 
(d) images show increased radiopharmaceutical uptake 


corresponding to pulmonary (b-d, first row), lymph node 
(b-d, second row), and liver (b-d, third row) lesions 
(arrows). These findings were suspicious for malignancy 
but histology demonstrated the presence of granulomatous 
disease and laboratory data suggested a TBC infection 


Teaching Point 

Mycobacteriosis (including TBC) frequently 
causes an increased 18 F-FDG uptake in 
affected organs. Thus, in geographic regions 
with a high prevalence of granulomatous dis- 
eases, positive 18 F-FDG-PET results should 
be interpreted with caution in differentiating 
benign from malignant abnormalities. 


18 F-FDG-PET and PET/CT may be useful 
in the detection of foci of mycobacteriosis, 
allowing the accurate localization of biopsy 
sites for subsequent histological examination, 
and in the evaluation of disease activity in 
patients with mycobacteriosis, including pedi- 
atric patients. 
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30.1 Introduction 

Sarcoidosis is a systemic inflammatory disease of 
unknown etiology that affects the lungs (in >90 % 
of sarcoidosis patients), salivary glands, eyes, 
lymph nodes, liver, heart, and in some cases the 
subcutaneous tissues, joints, and the skeletal mus- 
cle system [1, 2]. In affected organs, there is an 
accumulation of T lymphocytes and mononuclear 
phagocytes. Noncaseating epithelioid granulomas 
are the characteristic histopathological lesions 
[1-3]. Considering the protean clinical manifes- 
tations of sarcoidosis as well as its multiple local- 
izations, its natural history and course are variable 
and unpredictable. The majority of granulomas 
eventually resolve, but in some patients, fibrosis 
ensues, giving rise to tissue dysfunction [1, 2, 4]. 


Imaging methods, particularly chest radi- 
ography and CT, play an important role in 
the diagnosis and treatment of sarcoidosis, in 
primary staging of the disease, and in patient 
follow-up. Bilateral pulmonary hilar lymph- 
adenopathy and mediastinal lymph nodes are 
the most common radiological findings, often 
associated with pulmonary infiltrates [1, 2, 5]. 
Disease activity in sarcoidosis can be moni- 
tored by detecting and quantifying the degree of 
inflammatory and granulomatous reactions that 
occur in the lungs and elsewhere in the body. 
The ability to visualize 18 F-FDG accumulation 
by activated inflammatory cells makes whole- 
body 18 F-FDG-PET/CT a promising modality 
in the assessment of disease activity in sarcoid- 
osis patients [6]. 


G. Treglia, MD 

Department of Nuclear Medicine, 

Oncology Institute of Southern Switzerland, 

Via Ospedale, 12, Bellinzona CH-6500, Switzerland 
e-mail: giorgiomednuc@libero.it 

A. Cistaro, MD (M) 

Department of Nuclear Medicine, 

Positron Emission Tomography Center 
IRMET S.p.A., Euromedic Inc., 

Via Onorato Vigliani 89, Turin 10100, Italy 

Institute of Cognitive Sciences and Technologies, 
National Research Council, Rome, Italy 
e-mail: a.cistaro@irmet.com 


A. Cistaro (ed.), Atlas ofPET/CT in Pediatric Patients, 

DOI 10.1007/978-88-470-5358-8_30, © Springer- Verlag Italia 2014 


223 


224 


G.Treglia and A. Cistaro 


Case 1 

A 14-year-old boy underwent 18 F-FDG-PET/ 
CT for a fever of unknown origin. The scan 
showed multiple areas of increased radiophar- 
maceutical uptake in the thoracic region, corre- 
sponding to several bilateral lymph nodes in the 


mediastinum and pulmonary hilar region. He 
therefore underwent mediastinal lymph node 
biopsy. Histology showed the presence of gran- 
ulomatous disease, compatible with sarcoidosis. 
Based on the radiological and histology find- 
ings, the diagnosis was active sarcoidosis 
(Fig. 30.1). 



Fig. 30.1 Maximum intensity projection 18 F-FDG-PET 
image (a) shows multiple areas of increased radiopharma- 
ceutical uptake in the thoracic region (arrows). Axial CT 
(b), PET (c), and PET/CT (d) images show the presence 


of increased radiopharmaceutical uptake corresponding to 
several lymph nodes located bilaterally in the mediasti- 
num and in the pulmonary hilar region 


Teaching Point 

Sarcoidosis typically causes increased 18 F- 
FDG uptake. Thus, in differentiating benign 
from malignant abnormalities, positive 18 F- 
FDG-PET findings should be interpreted with 


caution. 18 F-FDG-PET/CT is a very useful 
molecular imaging method in assessing dis- 
ease activity and in identifying the occult sites 
of disease in patients with sarcoidosis, includ- 
ing pediatric patients. 



30 Sarcoidosis 


225 


Case 2 

One year before presenting to our clinic, a 
17-year-old boy without a remarkable disease 
history had an EBV infection, with the appear- 
ance of lymph nodes in the left lateral cervical 
region and, on his right side, in the trochlear area. 
Concurrently, he reported occasional skeletal 
pain and swelling in the right knee and both 
feet, progressive rhinitis with anosmia, and 


polydipsia-polyuria. Due to the persistence of a 
fever of unknown origin, the patient underwent a 
18 F-FDG-PET/CT which showed multiple areas 
of increased tracer uptake in the body (Figs. 30.2, 
30.3, 30.4, and 30.5). Histology on some of the 
18 F-FDG-avid lesions demonstrated granuloma- 
tous disease compatible with sarcoidosis. The 
patient underwent immunosuppressive therapy. 
A repeated 18 F-FDG-PET/CT demonstrated an 
excellent response to the treatment (Fig. 30.6). 



Fig. 30.2 Maximum intensity projection PET image (a) CT with mediastinal window (b), PET (c), and PET/CT 
showing 18 F-FDG uptake in the lymph nodes of the left fusion (d) images show a 18 F-FDG-avid left laterocervical 
laterocervical region, arms, mediastinum, pulmonary lymph node 
hilar and inguinal regions, and in the right leg. Coronal 
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Case 2 (continued) 



Fig. 30.3 Axial CT (a), PET (b), and PET/CT fusion (c) 
images show intense and inhomogeneous 18 F-FDG uptake 
by the nasal cavity and parotid glands, consistent with the 


ultrasound findings of numerous hypoechoic solid areas, 
partially confluent 



Fig. 30.4 Maximum intensity projection PET image of the legs (a) shows multiple 18 F-FDG-avid lesions. Coronal (b) 
and axial (c) fusion PET images corresponding to an intramedullary lesion of the right tibia 
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Case 2 (continued) 



Fig. 30.5 Axial CT and PET/CT of the right knee (a) show a 18 F-FDG-avid lesion on the patella. Axial CT and 
PET/CT of the feet (b) show other bone lesions 
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Case 2 (continued) 



Fig. 30.6 Maximum intensity projection PET image of immunosuppressive drugs, except for persisting mild 
the body (a) and coronal CT (b), PET (c), and PET/CT patellar uptake bilaterally 
fusion (d) images of the legs show a complete response to 


Teaching Point 

The degree of inflammatory and granuloma- 
tous reactions in sarcoidosis can be detected 


and estimated by means of 18 F-FDG-PET 
throughout the body. The same method can be 
used to evaluate the response to therapy. 
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Neurofibromatosis type 1 (NF1) is an autoso- 
mal dominant disease in which the most com- 
mon tumor is neurofibroma. This benign tumor 
of the peripheral nerve sheath may present as a 
focal nodular cutaneous or subcutaneous lesion, 
an intraforaminal spinal nerve root tumor, or 
as plexiform neurofibroma (PNF). In addition, 
patients with NF1 are at high risk of develop- 
ing malignant peripheral nerve sheath tumors 
(MPNST) [1-6]. Accordingly, differentiating 
between benign and malignant tumors in NF1 
patients has important prognostic and therapeu- 
tic implications, but it can be difficult, especially 
in individuals with multiple benign tumors. 
MRI and CT can be used to determine the site 
and extent of the PNF, but these methods are 
not reliable in discriminating with high accuracy 
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between benign PNF and tumors that have degen- 
erated into MPNST [1-6]. 

Histology remains the gold standard for iden- 
tifying malignant transformation within a PNF. 
However, it requires complete excision, which in 
many patients is not technically feasible. If a core 
biopsy is performed, the focus of malignant 
change, particularly within a large heterogeneous 
tumor, may be missed. Moreover, histopathology 
and tumor grading of MPNST do not strictly 
correlate with the prognosis [1-6]. 

Several studies have shown the potential role 
of whole-body FDG-PET and PET/CT in patients 
with NF1 for detecting malignant change in 
PNF, for predicting tumor progression in these 
patients, for predicting survival in patients 
with MPNST, and for surveillance in pediatric 
patients with NF1 (Figs. 31.1, 31.2, and 31.3). 
An overview of the literature on the role of 
FDG-PET and PET/CT in patients with NF1 has 
been recently provided [7]. Its conclusions can be 
summarized as follows: (a) FDG-PET and PET/ 
CT are useful and highly sensitive noninvasive 
methods to identify malignant change in neuro- 
genic tumors in patients with NF1; (b) FDG-PET 
and PET/CT allow the discrimination of MPNST 
from benign neurogenic lesions in NF1; never- 
theless, an overlap between these two disease 
manifestations regarding their SUVs should be 
considered. Early and delayed imaging (at 4 h) 
and the use of a SUV max cutoff of 3.5 in the 
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latter allow accurate lesion characterization with 
maximal sensitivity; (c) FDG-PET and PET/CT 
may improve preoperative tumor staging, guide 
biopsy, and influence treatment, thereby reducing 


the number of surgical procedures for benign 
neurogenic lesions or allowing early intervention 
in NF1 patients whose tumors have a high prob- 
ability of progression. 



Fig. 31.1 A 10-year-old girl with neurofibromatosis type 
1 . The plexiform neurofibroma involved the right cervical 
and axillary region, (a) Axial PET/CT study and (b) axial 


PET/CT control after 2 years (March 2010) show a mild 
nonhomogeneous 18 F-FDG uptake (SUV max 1.7) with a 
focal much intense radiotracer accumulation (SUV max 3.9) 



Fig. 31.2 A 9-year-old girl with neurofibromatosis type enclose the celiac trunk reaching the porta hepatis. 
I and multiple neurofibromas extending from the medias- (a) Axial PET/CT and (b) CT images show a mass sur- 
tinum to the cardias. In abdomen the neurofibromas rounding the celiac trunk (SUV max 1.8) 
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Fig . 3 1 .3 A 7 -year-old boy with neurofibromatosis type I. 
(a) Coronal CT, (b) PET, (c) PET/CT fusion, and (d) sag- 
ittal maximum intensity projection PET images show 
increased FDG uptake corresponding to a paravertebral 


mass in the left posterior mediastinum ( orange arrow in c 
and yellow arrow in d) between seventh and tenth dorsal 
vertebrae (SUV max 9.5). Histology demonstrated the pres- 
ence of a malignant nerve sheath tumor 


Teaching Point 

FDG-PET and PET/CT are useful methods to 
identify malignant change in neurogenic 
tumors in NF1 and to discriminate malignant 


from benign neurogenic lesions. Both FDG- 
PET and PET/CT may improve preoperative 
tumor staging, guide biopsy, and influence 
treatment planning [7]. 
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Autoimmune Lymphoproliferative 
Syndrome 
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32.1 Introduction 

Autoimmune lymphoproliferative syndrome (ALPS) 
is a rare disorder arising from a genetic mutation 
in the Fas gene. This gene encodes a cell-death 
receptor that belongs to the tumor necrosis fac- 
tor receptor (TNFR) superfamily and induces 
cell death trigged by FasL [1]. Fas (also called 
Apo-1 and CD95) is also a member of the super- 
family of nerve growth factor receptors expressed 
by activated effector lymphocytes. It is involved 
in switching off the immune response, limiting 
the clonal expansion of lymphocytes, favor- 
ing peripheral tolerance, and inducing apopto- 
sis in lymphocytes when triggered by its ligand 
(FasL), which is expressed by cytotoxic T cells 
and NK cells [2]. 

The Fas-FasL system maintains lympho- 
cyte homeostasis and plays a role in preventing 
cancer [2, 3]. Patients with ALPS have a defect 
in this apoptotic pathway, leading to chronic 
lymph proliferation, autoimmune manifesta- 
tions, and a propensity to develop malignancies 
[4, 5]. The risk of developing malignancies is 
unknown but is estimated to be 10-20 %. Most 
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commonly, patients develop B-cell lymphomas 
(non-Hodgkin’s or Hodgkin’s), but leukemia 
and a number of solid tumors (thyroid, breast, 
and liver carcinoma) have been described as 
well [4, 5]. 


Clinical Case 

A young patient with low back pain underwent 
CT and MRI studies, which showed enhancing 
vertebral lesions, pulmonary nodules, and diffuse 
laterocervical lymphadenopathy. The 18 F-FDG- 
PET/CT exam showed many areas of intense 
tracer uptake in multiple vertebrae, several ribs, 
the sacrum, liver, and both lungs, and multiple 
lymph nodes at cervical, thoracic, and abdominal 
sites. A bone marrow biopsy determined a “lym- 
phomatoid granulomatosis,” a rare variant of 
B-cell non-Hodgkin’s lymphoma (LNH), while 
a genetic analysis identified a Fas gene mutation. 
After treatment, the 18 F-FDG-PET/CT scan 
showed complete regression of the disease 
(Figs. 32.1, 32.2, 32.3, 32.4, 32.5, 32.6, and 
32.7). 
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Clinical Case (continued) 
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Fig. 32.1 Sagittal T2 STIR MRI shows significant signal alteration involving the first lumbar vertebral body, with 
epidural pathologic tissue and slight dural sac compression 



Fig. 32.2 Axial T1 MRI sequence after contrast administration shows intense enhancement of the vertebral body and 
epidural tissue 
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Clinical Case (continued) 



Fig. 32.3 Maximum intensity projection (a) shows and abdominal stations. Axial CT and PET/CT fusion 

intense FDG uptake in the vertebrae, ribs, sacrum, left images (b) show intense FDG uptake in the first lumbar 

femor, liver, and both lungs. Further uptake was detected vertebral body 
in multiple lymph nodes distributed at cervical, thoracic, 
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Clinical Case (continued) 



Fig. 32.4 (a-c) Axial CT with lung window (a), PET (b), 
and PET/CT fusion (c) images show multiple uptake in 
both lungs, (d-f) Axial CT with mediastinal window (d), 


PET (e), and PET/CT fusion (f) images show tracer 
accumulation in the axillary lymph nodes 



Fig. 32.5 Axial CT (a), PET (b) and PET/CT fusion 
(c) images depict a FDG-avid focus in the left iliac bone. 
A PET-guided bone marrow biopsy was performed at the 


site of tracer uptake in the left iliac bone. Based on the 
findings, the definitive diagnosis was non-Hodgkin’s 
lymphoma 
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Clinical Case (continued) 
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Fig. 32.6 MRI control during treatment. Sagittal T2 
STIR sequence shows residual signal alteration involving 
the first lumbar vertebral body and a reduction of the 


epidural pathological tissue. Abnormal signal intensity 
is also seen in the ninth dorsal vertebra, with prominent 
vertebral body involvement 
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Clinical Case (continued) 



Fig . 32.7 PET control during treatment. Coronal CT (a), 
PET (b), and PET/CT fusion (c) images after six cycles of 
rituximab show the complete disappearance of all patho- 


logical areas of FDG uptake. The following bone marrow 
biopsy of the iliac bone was negative 


Teaching Point 

18 F-FDG-PET/CT can play several roles in 
patients with ALPS. It can confirm or rule out a 
diagnosis in patients with a suspected malignacy 
and, in case of tumor detection, allow proper 
staging. It also provides important information 


in monitoring treatment response and during 
follow-up. Finally, 18 F-FDG-PET/CT may be 
useful in monitoring autoimmune manifesta- 
tions of symptomatic ALPS, by determining the 
response to therapy through the evaluation of 
metabolic activity in involved lymph nodes. 
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The first description of Castleman’s disease (CD) 
dates back to 1954, when Benjamin Castleman 
and coworkers reported 13 cases of mediastinal 
lymphadenopathy. Two years later, they more 
precisely defined this uncommon benign lym- 
phoproliferative disorder [1,2]. 

There are several forms of CD, differing in 
their histological findings and the locations of the 
lesions. The histological types consist of the hya- 
line vascular variant (HVV), the plasma cell vari- 
ant (PCV), and a mixed type. The disease can 
involve a single lymph node, a single chain of 
lymph nodes (most frequently in the mediasti- 
num), or multiple lymph node stations. Unicentric 
HVV occurs in 72 % of cases, unicentric PCV in 
18 %, and multicentric PCV in 10 %. The multi- 
centric HVV is very rare, accounting for only 
1 % of all CD cases [3]. 
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The prevalence of CD is very low, especially in 
children, with a higher incidence in young adults. 
Some studies report a predominance in females, 
but others have found no gender differences [1,2]. 

The etiology of CD is as yet unclear. Many 
cases, mostly those in which there is multicentric 
disease, are associated with a human herpesvirus 
(HHV)-8 and/or HIV infection and high serum lev- 
els of interleukin (IL)-6. It is thought that HHV-8, 
which typically infects the immunocompromised 
(such as transplant recipients or HIV-positive indi- 
viduals), stimulates the hyper-production of IL-6 
by B lymphocytes, which subsequently proliferate 
and differentiate into activated and generally poly- 
clonal plasma cells [4, 5]. 

The high levels of IL-6 may also be responsi- 
ble, at least in part, for the symptomatology of 
the multicentric variant, including peripheral 
lymphadenopathy, hepatosplenomegaly, weight 
loss, anemia, asthenia, night sweats, fever, skin 
rash, lung disorder, and kidney dysfunction [1,6]. 
Patients with this form of CD usually require sys- 
temic treatment, and the disease course, espe- 
cially that of PCV, is often accompanied by 
severe complications or evolution into a malig- 
nant neoplasm [1, 4, 7]. 

The unicentric form, by contrast, is generally 
asymptomatic, except for the associated mass 
effect. These patients have a good prognosis and 
are successfully treated by surgery [1, 2, 7]. 

On imaging exams, CD has several typical 
characteristics. Contrast-enhanced CT shows 
an early marked or moderate enhancement 
(higher in HVV than in PCV) that persists 
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during delayed phases. On MRI, CD lesions 
are iso- or hyperintense relative to skeletal 
muscle on T r weighted images and markedly 
hyperintense on T 2 -weighted images [1, 2, 8]. 

Several studies have shown that PET with 18 F- 
FDG is effective in the detection of metabolically 
active lesions and in the assessment of disease 
extent, as it reveals pathological sites not seen on 
CT scan because of their small dimensions [5, 7, 
9-1 1]. 18 F-FDG PET is also a valid tool for guiding 
biopsy [11] and is even better than CT in 


discriminating disease persistence/recurrence from 
post-therapeutic changes and in monitoring treat- 
ment response. As such, it is a fundamental tool in 
the staging and management of CD patients 
(Figs. 33.1 and 33.2) [5, 7, 9-11]. 

While CD is a benign disease, pathological 
lymph nodes may take up substantial amounts of 
18 F-FDG, resulting in a high SUV. Consequently, 
the value of PET/CT in the differential diagnosis 
between CD and malignancies such as lymphoma 
remains to be determined in further studies [8]. 



Fig. 33.1 A 19-year-old man with fever, anemia, asthe- study showed an 18 F-FDG-avid mesenterial mass (yellow 
nia. A mesenterial lymph node and several small iliac arrow in a) corresponding to the large lymph node depicted 
lymph nodes were identified on ultrasonographic exami- on contrast-enhanced CT. Histopathological analysis 
nation and contrast-enhanced CT scan, (a, b) The PET showed Castleman’s disease, hyaline- vascular subtype 
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Fig. 33.2 PET study after chemotherapy. Maximum phological exam, its metabolic activity on PET is not sig- 
intensity projection (a), CT and PET/CT fusion images nihcant, suggesting a complete disease response in 
(b). Although the lymph nodes are still visible on the mor- accordance with the clinical signs 


Teaching Point 

Castleman’s disease is a rare lymphatic poly- 
clonal disorder characterized by unicentric or 
multicentric lymph node hyperplasia and non- 
specific symptoms and signs, including fever, 
asthenia, weight loss, an enlarged liver, and 


abnormally high blood levels of numerous 
antibodies. Given the high glucose metabolic 
activity seen in CD, 18 F-FDG PET is an appro- 
priate imaging modality to stage or restage the 
disease and to evaluate the response to 
treatment. 
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34.1 Introduction 

Fever of unknown origin (FUO) was recognized 
in the 1960s, when it was defined as a condition 
of increased body temperature exceeding 38.3 °C 
measured on several occasions and for a period of 
more than 3 weeks in an immunocompetent 
patient with no known illness [1]. More recently, 
FUO has been classified into three groups accord- 
ing to the type of patient: (1) “classical,” in the 
case of non-immunocompromised patients; (2) 
“nosocomial,” in neutropenic patents; and (3) 
“patients with HIV” [2]. The four main causes of 
FUO are infections, malignancies, autoimmune 
noninfectious diseases, and miscellaneous [3]. 

Molecular imaging can play an important role 
in diagnosing FUO, given that in these patients 
molecular changes usually occur earlier than 


A. Mojtahedi, MD 
Nuclear Medicine Department, 

Memorial Sloan-Kettering Cancer Center, 

1275 York Avenue, New York City, NY 10065, USA 
e-mail: ojtahea@mskcc.org 

D. Penna 

Department of Nuclear Medicine, Positron Emission 
Tomography Center IRMET S.p.A., Euromedic Inc., 
Via Onorato Vigliani 89, Turin 10100, Italy 
e-mail: d.penna@irmet.com 

A. Cistaro, MD (M) 

Department of Nuclear Medicine, Positron Emission 
Tomography Center IRMET S.p.A., Euromedic Inc., 
Via Onorato Vigliani 89, Turin 10100, Italy 

Institute of Cognitive Sciences and Technologies, 
National Research Council, Rome, Italy 
e-mail: a.cistaro@irmet.com 


morphological structural changes [4] . This deter- 
mines the advantage of functional imaging with 
PET/CT over CT or MRI [5]. However, while the 
scintigraphic labeling of white blood cells has 
a high sensitivity and specificity to identify an 
inflammatory process, infection accounts for 
approximately one-fourth of cases of FUO, fol- 
lowed by neoplasm and noninfectious inflamma- 
tory diseases [4, 6]. 18 F-FDG-PET/CT can be 
used to image the inflammatory process due to 
the fact that inflammation causes overexpression 
of the GLUT-1 and GLUT-2 transporters in acti- 
vated leukocytes [4, 7, 8]. Other activated inflam- 
matory cells can also accumulate the radiotracer, 
as evidenced in many studies showing that, dur- 
ing the inflammatory processes, glucose is taken 
up in large amounts by granulocytes (mainly neu- 
trophils) and monocytes/macrophages [9-11]. 

Multislice CT technology (MSCT) usually 
contributes to the final diagnosis of FUO in 40 % 
patients [3,12]. PET alone is superior to CT in the 
detection of an inflammatory process in patients 
with FUO [13]. It is also more sensitive than 
WBC scintigraphy in the diagnosis of chronic 
infection [14-16]. Moreover, the combination 
of 18 F-FDG-PET and CT allows simultaneous 
molecular and morphological imaging [17]. 

18 F-FDG-PET/CT is therefore a potentially 
useful tool in the management of inflamma- 
tory disease; for example, several authors have 
reported its use in the diagnosis and manage- 
ment of abdominal and pelvic abscesses, vascu- 
lar inflammations, tuberculosis, and infections 
of bone, soft tissue, and prostheses [11, 18]. 
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Furthermore, in FUO associated with a paraneo- 
plastic syndrome, some studies have shown that 
PET/CT allowed in these patients the diagnosis of 
malignant diseases, in particular lymphomas [19]. 


Clinical Case 

A 6-year-old patient was seen for FUO and pain 
at the level of the left temporomandibular joint 
associated with the appearance of bilateral cervi- 
cal lymph nodes (size 10-28 mm). The patient 
was hospitalized and the initial investigations led 
to the provisional diagnosis of EBV infection. A 
CT scan of the brain and abdomen showed no 


abnormal findings. Chest CT highlighted only a 
tissue mass of 50 mm in the anterior mediastinal, 
thought to represent thymic hyperplasia. A bilat- 
eral bone marrow biopsy was also performed but 
the specimens were not assessable. An ultrasound 
of the testicles showed a mild right hydrocele. In 
the absence of a diagnosis, an 18 F-FDG-PET/CT 
study was carried out to examine the metabolism of 
the adenopathies and mediastinal tissue, in view 
of a possible biopsy. 

PET/CT (Fig. 34.1) showed abnormal radio- 
tracer uptake in the anterior mediastinal tissue and 
by some of the mediastinal lymph nodes. A diffuse 
labeling of the skeleton with radiotracer was also 
observed on the PET images but the significance 
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Fig. 34.1 Maximum intensity projection (a) shows ultrasound findings and the diffuse radiotracer uptake of 

abnormal 18 F-FDG mediastinal uptake. Note the absence the skeleton probably of functional meaning, (b) CT and 

of pathological uptake in the bilateral cervical lymph PET/CT fusion transaxial images display intense FDG 

nodes detected clinically, and the absence of FDG accumulation in the anterior mediastinum 

accumulation in the testicles that corresponded to the 
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was unclear. On the basis of the PET functional 
information, an ultrasound-guided chest biopsy 
was performed, which led to a histological diagno- 
sis of T-cell lymphoblastic lymphoma. After che- 
motherapy, a repeat PET/CT examination with the 
same scanner and acquisition protocol showed the 
total disappearance of the anomalous uptake and 
confirmed the complete response to treatment. 

Teaching Point 

18 F-FDG-PET/CT evaluates molecular and 
functional changes and is therefore a valu- 
able tool not only in the determination of 
the various possible causes of FUO but also 
in the detection of otherwise occult tumors 
or atypical infection. 
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35.1 Introduction 

Congenital hyperinsulinism (CHI) is a primary 
defect of the pancreatic p-cells leading to inap- 
propriate insulin secretion. It is the most com- 
mon cause of persistent hypoglycemia in infancy, 
with an estimated incidence of 1/50, 000 live births 
[1,2]. Hypoglycemia must be rapidly and inten- 
sively treated to prevent severe and irreversible 
brain damage. At histopathology, two typi- 
cal forms of CHI are defined that are clinically 
indistinguishable but differ in their molecular 
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basis and therapeutic approaches [3]. The focal 
form is defined as an adenomatous hyperplasia 
of the p-cells within the pancreatic islets; it is 
limited to a small area (<15 mm). This form is 
curable by a partial pancreatectomy restricted 
to the small focal endocrine lesion. The dif- 
fuse form is characterized by the presence of 
abnormal P-cells throughout the pancreas. It is 
medically treated; surgery (subtotal or near-total 
pancreatectomy) is required only when medical 
therapy is unsuccessful and carries a high risk of 
iatrogenic diabetes. 
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Case 1: Focal Form 

A 2-year-old girl diagnosed with CHI was refer- 
red for 18 F-DOPA-PET/CT (4 MBq 18 F-DOPA/ 
kg, administered 45 min prior to the abdominal 
scan) to distinguish between focal and diffuse 
HI. She had suffered the first episode of hypo- 
glycemia at 3 months of age. The high plasma 
insulin concentration suggested a diagnosis of 
congenital HI. Medical treatment with diazoxide 
(7 mg/kg/day) had achieved a suboptimal meta- 
bolic response, with widespread hypertrichosis 
as a side effect. 

The 18 F-DOPA-PET/CT study showed 
increased uptake in the processus uncinatus of 
the pancreatic head. The SUV max in the head of 


the pancreas was 4.5, compared to 3.2 and 3.1 in 
the body and tail of the pancreas, respectively. 
The SUV ratio (SUVr, calculated between the 
SUV max of the head of the pancreas and the mean 
pancreatic SUV max ) was 1.25, which according to 
Ribeiro and colleagues is suggestive of a focal 
lesion [4]. A sequentially coregistered contrast- 
enhanced CT was also performed to obtain a vas- 
cular map [5] (Fig. 35.1). 

A partial resection of the head of the pancreas 
was performed, the focal lesion was removed 
(confirmed by histology), and the patient was 
cured without postoperative complications. The 
child is currently 6 years old with normal glucose 
levels without medical treatment. The iatrogenic 
hypertrichosis has disappeared as well. 



Fig .35.1 Axial (a) PET, (b) CT, and (c) PET/CT images. A focal uptake is evident in the uncinatus process of the head 
of the pancreas ( red arrow in a and c) 
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Case 2: Diffuse Form 

A 2-year-old boy with severe perinatal 
hypoglycemia (first episode 2 days after his 
birth) was referred for an 18 F-DOPA-PET/CT 
study. His clinical characteristics suggested 
a diagnosis of hyperinsulinemic hypoglycemia. 
The patient was responsive to diazoxide 
(7 mg/kg/day) but he had a mild cognitive 


delay secondary to recurrent episodes of 
hypoglycemia in the neonatal period. 

PET/CT demonstrated the homogeneous 
uptake of 18 F-DOPA, suggesting a diffuse form of 
congenital HE The SUV max values in the pancreas 
were 1.5 in the head, 1.4 in the body, and 1.4 in 
the tail (SUVr of each pancreatic region <1.2) 
(Fig. 35.2). The patient is currently under medical 
therapy with good control of his glucose levels. 



Fig .35.2 Axial (a) PET, (b) CT, and (c) PET/CT images arrow (in a and b) indicates physiologic activity in the 

show homogeneous pancreatic uptake of 18 F-DOPA, sug- biliary duct 

gesting a diffuse form of congenital hyperinsulinism. The 


Teaching Points 

PET/CT with 18 F-DOPA is a simple and 
effective tool to differentiate between focal 
and diffuse forms of HI with high accuracy. 
This information cannot be obtained by 
other noninvasive diagnostic procedures [6]. 
When a focal area of intense 18 F-DOPA uptake 


is detected in the pancreatic region, a 
sequentially coregistered contrast-enhanced 
CT is useful to guide the surgeon in limited 
resection of the focal lesion by means of the 
vascular map. The SUV ratio completes the 
visual analysis and allows discrimination 
between focal and diffuse disease forms [4, 7]. 
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Myocardial Perfusion Imaging 
with “Rb Cardiac PET/CT 



Emmanuel Deshayes, Stefano Di Bernardo, 
and John 0. Prior 


36.1 Introduction 

Rubidium-82 ( 82 Rb) has been widely used in 
North America as a PET radiotracer in myocardial 
perfusion (MP) imaging in adults since the FDA 
approved its clinical use in 1989, and it is gaining 
increasing acceptance in Europe. This potassium 
analogue has kinetic characteristics similar to 
those of the well-known myocardial perfusion 
agent 201 T1. It has a very short half-life (76 s) but it 
can be produced by eluting a strontium-82 
( 82 Sr)/ 82 Rb generator, without the need for an on- 
site cyclotron. In addition to relative MP imaging, 
it allows quantitation of absolute myocardial 
blood flow (MBF) at rest and under stress, as well 
as determination of myocardial flow reserve, 
defined as the ratio of stress to resting MBF. 

There is a paucity of data regarding the useful- 
ness of 82 Rb cardiac PET in the pediatric popula- 
tion, and there are as yet no published guidelines 
for the use of cardiac PET/CT in this population. 
In fact, 82 Rb is not included in the 2010 North 
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American Consensus Guidelines on Pediatric 
Radiopharmaceutical Administered Doses [1] 
nor in the European Association of Nuclear 
Medicine (EANM) pediatric dosage chart [2]. 
Among the few published studies on the use of 
82 Rb cardiac PET in children, Chhatriwalla et al. 
described a series of 22 pediatric patients who 
underwent 82 Rb cardiac PET, with a correlation 
to available coronary angiography in 15 cases 
[3]. The authors reported a sensitivity and speci- 
ficity of 100 and 82 %, with positive and negative 
predictive values of 67 and 100 %. It is worth 
noting that this small series took over 7 years to 
collect in a major US hospital. 


36.2 Cardiac PET in the Pediatric 
Population 

82 RB cardiac PET/CT should be performed with 
the presence of pediatric cardiologists during 
the entire procedure. Sedation or anesthesia is 
not necessarily needed, even for infants, who 
can be immobilized by dedicated restraints as 
in general nuclear medicine. In smaller children 
or infants, dedicated ECG electrodes should be 
adapted to the body size. The vasodilator ade- 
nosine can be used as a stress-inducing phar- 
macological agent at the same dosage per body 
weight as in adults (140 pg/kg/min), usually in 
a 4-6-min slow infusion (Fig. 36.1). Its short 
biological half-life (<30 s) is advantageous. 
Patients should be fasted and free from xanthine 
derivatives for 24 h. Decompensated asthma and 

253 


A. Cistaro (ed.), Atlas of PET/CT in Pediatric Patients, 

DOI 10.1007/978-88-470-5358-8_36, © Springer- Verlag Italia 2014 


254 


E. Deshayes et al. 



PET 


10 


PET 


Adenosine 


12 14 



Fig. 36.1 Example of PET/CT protocol with 82 Rb with 
attenuation correction CT. PET was earned out with 
the patient at rest and during adenosine-induced 


pharmacological stress, with typical timing indications. The 
post-stress CT can be omitted in modem systems able to 
realign the rest attenuation correction CT with the stress PET 


significant wheezing are contraindications to the 
use of adenosine. 

As there are no published guidelines regarding 
optimal 82 Rb activity in a pediatric population, in 
most settings activity has been based on the adult 
recommended activity, scaled according to body 
weight and depending on the PET acquisition 
mode: 20-30 MBq/kg for 2-D and 10 MBq/kg for 
3-D, with the latter preferred for use in children. 
In adults, the effective dose for 82 Rb was recently 
recalculated and is now lower than previously 
estimated, i.e., 1.1 pSv/MBq or 1.5 mSv for 
a resting + stress study in a 70-kg adult examined 
using the latest generation 3-D PET/CT scan- 
ner [4]. A dedicated dosimetry study should be 
carried out in the pediatric population in order 
to more precisely estimate the received radiation 
dose, but it is certainly <2-fold lower than that 
incurred with MP imaging using the correspond- 
ing technetium tracers. 


36.3 82 Rb Cardiac PET Imaging 
Protocol 

As shown in Fig. 36.1, a very low-dose CT 
(120 kV, 10 mA) is performed first, for attenua- 
tion correction mapping. Then, 82 Rb is adminis- 
tered intravenously in a slow bolus over 30 s with 
the patient at rest. PET acquisition is started 
simultaneously in list mode for 6-8 min while the 
ECG gating signal is recorded. After the genera- 
tor recovery period (10 min), pharmacological 
stress is started with adenosine (0.84 mg/kg for 
6 min) infusion using a dual-channel infusion 
port (adenosine + 82 Rb) under 12-channel ECG 
monitoring. 82 Rb is injected intravenously 2 min 


after the beginning of adenosine infusion and 
stress images are acquired again in list mode with 
ECG gating signals for 6-8 min. A final, very 
low-dose CT (120 kV, 10 mA) for attenuation 
correction mapping may be performed, but in 
most cases the initial rest CT can be used for 
attenuation correction in modern systems able to 
realign PET and CT images if significant move- 
ments occurred between the two datasets. 

PET images are generally reconstructed using 
ordered subset expectation maximization algo- 
rithms (OSEM, 2 iterations, 24 subsets). From 
the list mode, two datasets are extracted: (1) a 
series starting 2 min after injection and synchro- 
nized with the ECG (8 bins) and (2) a dynamic 
series (22 frames: 12x8,5x12, 1 x 30 s, lxl and 
2x 2 min). 

For the analysis, semiquantitative image 
interpretation is performed using a 17-, 20- or 
25 -segment model. The summed stress score 
(SSS) and summed resting score (SRS) can 
be determined, together with the summed dif- 
ference score (SDS = SSS-SRS). Both the left 
ventricular ejection fraction (LVEF) at rest and 
during stress can also be derived. Finally, flow 
quantification measurements based on a one- 
tissue compartment model can be used to esti- 
mate the absolute values of myocardial blood 
flow at rest and during stress as well as the myo- 
cardial flow reserve. 


36.4 Advantages of PET 

Compared to MP imaging by SPECT, 82 Rb cardiac 
PET/CT provides several advantages: (a) shorter 
acquisition times, (b) better spatial resolution, 
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(c) built-in attenuation correction, (d) lower 
radiation exposure, and (e) absolute quantitation 
of MBF, as well as the myocardial flow reserve. 


36.5 Clinical Indications 

As there are as yet no guidelines for the clinical 
use of 82 Rb MP imaging PET/CT in the pediatric 
population, potentially useful indications could 
be as follows: hypertrophic and dilated cardiomy- 
opathies, myocarditis, Kawasaki’s disease, and 
congenital abnormalities, including single ven- 
tricle, Fallot’s tetralogy, anomalous left coronary 
artery, unique coronary artery, and transposition 
of the great vessels [5]. Moreover, particularly 
relevant to the use of MBF quantitation are 
research topics such as the development of early 
endothelial dysfunction in early stages of type 1 
diabetes in older children and adolescents [6] . 


Clinical Case 

We report the case of a female infant born with 
complex congenital anomalies in association 
with tricuspid valve atresia, pulmonary valve 
atresia, and a fistula between the left anterior 
descending (LAD) coronary artery and the right 
ventricle. At 10 days of life, she underwent a 


Rashkind procedure and a Blalock-Taussig 
shunt. One week later, coil occlusion of the fis- 
tula between the LAD and right ventricle was 
performed (Fig. 36.2). At 3 weeks of life, she suf- 
fered episodes of ischemic events, with ST 
depression and cardiac enzyme elevation. The 
pediatric cardiologist therefore requested an MP 
imaging study to evaluate perfusion. 

Semiquantitative analysis of the cardiac PET/ 
CT showed a clear perfusion defect in the antero- 
apico-septal territory at rest, which interestingly 
regressed under adenosine stress (Fig. 36.3). 
LVEF was estimated to be 54 % at stress and 
56 % at rest; these were probably overestimates 
due to the small size of the patient’s heart. 

MBF at rest was fairly high, estimated at 
2.5 mL/min/g (resting heart rate of 135 min -1 
with systolic and diastolic blood pressures of 
65/35 mmHg, resulting in a rate-pressure 
product of 8,780 mmHg/min). MBF was 
3.7 mL/min/g during adenosine-induced phar- 
macological stress. This resulted in a myocar- 
dial flow reserve of 1.5 (Fig. 36.4). 

Following the PET/CT MP imaging study, the 
pediatric cardiologist and critical care pediatri- 
cians added glyceryl trinitrate and systemic vaso- 
dilator to the infant’s treatment. Clinical 
improvement ensued, with disappearance of the 
ST depression, and the patient was weaned off 
mechanical ventilation. 


Fig. 36.2 Frontal view 
of a selective left coronary 
angiography. The main 
left coronary artery and 
circumflex artery (< dashed 
arrow) are dilated. A coil (*) 
has been inserted to occlude 
the connection between 
the left coronary artery 
and the hypoplastic right 
ventricle. Hypoplasia and 
underdevelopment of all other 
segments of the left coronary 
artery ( arrows ) are evident 
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Clinical Case (continued) 



Fig. 36.3 Semiquantitative analysis of 82 Rb PET/CT with 
the patient under stress (summed stress score 1) and at rest 
(summed rest score 7) shows a clear perfusion defect at 
rest in the apical-antero-septal territories, which regressed 


under adenosine stress. The left ventricular ejection frac- 
tion was estimated to be 54 % at stress and 56 % at rest; 
both are probably overestimates due to the small size of 
the patient’s heart 
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Clinical Case (continued) 
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Fig. 36.4 Quantitative analysis shows a fairly high myo- 
cardial blood flow at rest over both the left ventricle 
(MBF =2.5 mL/min/g), with decreased flow in the apical- 
anterior, and the latero-basal territories. Flow improved, 
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increasing to 3.7 mL/min/g, during adenosine-induced 
pharmacological stress, albeit with decreased MBF in the 
latero-basal territory. The myocardial flow reserve was 1.5 
over the whole left ventricle 


Teaching Points 

82 RB MP imaging is feasible in pediat- 
ric populations, ranging from newborns to 
adolescents, and offers definite advantages 
over SPECT, including shorter acquisitions, 
better spatial resolution, lower radiation expo- 
sure, and absolute quantitation of MBF and 


myocardial flow reserve. There are, however, 
no guidelines or recommendations concern- 
ing its clinical use in children, in whom it has 
been implemented only in selected cases. Its 
superiority over other available noninvasive 
imaging techniques remains to be proven in 
clinical studies. 
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